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Foreword 


“The single simplest reason why human space flight is necessary is this, stated as 
plainly as possible: keeping all your breeding pairs in one place is a retarded way to 
run a species." 

- Warren Ellis 


When Pandora opened the box and released all of the evils on Earth, the only thing left 
in the box was the Spirit of Hope... let us release that spirit and follow it to the stars. 
- Steve McCarter 


Space flight is not an end unto itself. It is simply a single step in a journey of discovery. It is a 
search for what lies beyond our earthly confines, for what worlds may exist that are amenable to 
human habitation, and for answers to questions asked and as yet unasked. We seek out of natural 
curiosity. We voyage out of a sense of adventure. We explore for the sheer wonder of discovery. It 
has always been so. Had it not, we would never have left the mother continent, indeed never have 
left the confines of the small locale where we first arose. Despite the misgivings of some, 
humankind is not a timid species, nor a complacent one. Fear is not a limiting factor to the bold. It 
is something to be faced and overcome. It quickens our responses, sharpens our vision, and drives 
us to reach beyond our capabilities. It is the fuel of daring. 


Since the dawn of civilization, humans have looked to the stars in wonder. So vast are the 
heavens that they spawn a sense of awe by their very presence. In their constellations we saw the 
Gods and drew comfort knowing that they looked down upon us. Ancient civilizations aligned 
great monuments with the stars, used heavenly bodies to create precise calendars, and built 
observatories to study the skies. Those tiny cosmic sparks that light the night sky served as 
navigational beacons for our early journeys, and they still beckon us to follow their path. For 
many, traveling to the stars seems an impossible dream. It is not. We have the technology today. 
We understand the dangers and know how to mitigate them. It no longer is a question of can we, 
but one of will we? 


There are many practical reasons why we should venture not only beyond the Earth, but beyond 
the solar system, not the least of which Mr. Ellis’ quote addresses. There are any number of 
cataclysmic events that have the potential to snuff out life on Earth. There is ample evidence in the 
geologic record that they have occurred in the past. They are called Extinction Level Events, 
ELEs. Granted, humankind has survived cataclysms other species could not because we have the 
ability to adapt to environmental changes by using the most potent weapon in our arsenal, our 
brain. Still, there are events so devastating for which even our intellect cannot ensure survival. 
The prospect of a massive asteroid colliding with our planet is very real. Earth's geologic 
processes hold a danger as well via mechanisms like super volcanoes. In the long term, however, 
we know that stars die, even our own. Scientists estimate that our sun will become a red giant in 
approximately 7.59 billion years. That's plenty of time to prepare, right? Perhaps... unless any 
one of a hundred other catastrophic events doesn't occur. Procrastination is the devil's 


playground that comes cloaked in many guises. 


Politics is one of those guises. The question is, will the governments of the world ever have the 
political resolve to pursue the human exploration of space in earnest without being pushed to the 
brink by an external ELE? To seek knowledge using robotic probes, cube satellites, and the like is 
certainly a worthwhile first step, but it is only that, a step. Likewise the International Space 
Station is a step, and from it we learn significant information about the limitations of the human 
body to endure in space over time, but that must lead to solutions for the issues we have 
discovered or it is little more than an exercise. 


Other priorities clamoring for attention are another guise, for they focus on the temporal and 
ignore the ultimate survival of humankind.. Examples include global climate change, renewable 
energy, education, and conservation of resources. Husbanding resources has always been a good 
practice, but that is increasingly difficult to achieve. The problem is not so much the amount of the 
Earth's total resources, rather it is one of an exponentially increasing population. In 1971, the 
world’s human population was approximately 3.621 billion. In little over four decades it has 
nearly doubled to almost 7 billion and threatens to double yet again in even less time, increasing 
the demand for resources at an accelerated pace, and those resources are becoming increasingly 
difficult to obtain. 


In all likelihood, we have barely scratched the surface in terms of mineral availability in the 
earth's crust and oceans. The issue is not how much is available, but whether they exist in 
concentrations conducive to economic production. Mineral extraction is neither a cheap nor a 
clean process. Costs of physical extraction and recovery of minerals as well as costs of 
mitigating environmental damage and reclamation contribute to increasing costs for those 
resources. Rare earth minerals, so critically necessary to modern technology, are not rare at all, 
but are so widely dispersed in the crust that recovery requires processing enormous amounts of 
raw material to obtain them. Renewable resources like trees, food plants, animals, and so forth 
are strained as population increases the demand for them. Unless we devise an alternative or a 
natural disaster occurs, at some point our population is going to outrun the supply of available 
these resources on Earth. The alternatives seem obvious. Stabilize the population (which seems 
unlikely given recent history); global conflagration (all too likely); or expand beyond our earthy 
bonds. For the sake of our species' ultimate and continued survival, the latter seems the most 
logical. 


Human expansion into interstellar space will require a variety of spacecraft from small 
exploratory craft to large craft capable of sustaining life for multiple generations, the so called 
generation, colony. and century ships, often collectively referred to as space arks. These terms 
will be used interchangeably in this book. Why such large vessels? Again, practicality. For now 
cryostasis and induced torpor remain unknown entities and the prospect of sending a vessel with a 
large population in such a state, entirely dependent on non-human guidance and operation is too 
risky to contemplate. There is no substitute for human ingenuity when crises arise and there is no 
substitute for the human senses when it comes to understanding and interpreting events and 
phenomena. Without going into detail here, these craft will be extremely complex. They will 
require large crews to maintain them at optimal operational conditions and, because they will 


necessarily be relatively slow, the population will have to be sustained over several generations 
until a planet with suitable conditions for humankind's continued survival is found. 


Based on these premises, and setting aside politics, naysayers, and costs for the moment, we make 
the case for human interplanetary and interstellar travel using only current and currently 
developing technology (anticipated to be available within the next decade). The concepts for 
spacecraft like colony ships, generation ships, and exploratory vessels are not new, they have 
been considered for a century or more. We will not consider orbital space colonies as Gerard 
O'Neill did in his book, The High Frontier, but will focus our discussion on escaping Earth's 
orbit, indeed escaping the solar system to become cosmic wanderers in search of new habitable 
worlds. The challenges are many, the obstacles difficult, the rewards immeasurable. Lao Tzu 
said, *a journey of a thousand miles begins with a single step," so let us take that step and begin 
our journey to make The Case for Pandora. 


Introduction 


This book is about building craft for space travel. Space travel not in the far distant future, but in 
the immediate future. There is no question that we have the technology to build and power large 
craft capable of traversing the galaxy, and for now this book will focus on achieving the goal of 
intragalactic travel. We will describe various methods of power generation and propulsion, 
delineate the materials and technology for construction, discuss the building of the spacecraft 
from the outside in, and we will show what is required to sustain life on the craft for extended 
periods of time. While we will go into some detail on each of these, pointing out advantages and 
disadvantages to components and methods, this is not, nor is it intended to be a highly technical 
book to be used by specialists. Rather it is intended to inform the general readership about what 
is possible, and perhaps what is not, in building and operating spacecraft for long distance and 
long duration travel with current and available means. 


In the early 1970s, during the height of the space race, Gerard O'Neill proposed space colonies 
and, along with others presented multiple designs ranging from rotating cylinders to rotating 
toruses, depicting Earth-like environments. While appealing, they aren't practical from a space 
travel point of view. In addition, the model made presumptions about environmental factors 
without fully understanding how the environmental balance really works. In fact, we still lack a 
complete understanding of our planet's environmental systems. Therefore, any artificial 
environment is likely to suffer shortcomings, making it necessary to create a vessel with hybrid 
capabilities having some dependence on technological resources like equipment to maintain 
atmospheric balance, manufactured food supplies using methods other than agriculture, and waste 
processing and recovery systems. The concept of creating a huge terrarium with open water 
resources and family housing such as we have here likely is impractical for deep space travel, 
even at low speeds. Unsecured items shift during acceleration phases, creating unbalanced 
stresses (from non-deterministic or stochastic processes) on the vehicle as well as adversely 
impacting its trajectory. 


Similarly, the utopian concepts of civil governance aboard such vessels may well lead to discord 
and strife among the crew and passengers. This would be disastrous for any long-term, long 
distance mission. Something more akin to maritime law onboard a sea-going vessel will be 
required to maintain order and operational optimums. This also means that not just anybody will 
be acceptable for these missions. Criteria will have to be established for both the flight crew and 
the general populace aboard these craft. The criteria will have to include both physical and 
psychological fitness to ensure they can withstand not only the rigors of spaceflight, but isolation 
from their home planet. Extended space flights have already taught us the importance of regulating 
work and rest schedules in maintaining mental health and sleep cycles, and it is certain that 
journeys lasting a generation or more will require structure and discipline to maintain sanity and 
order. 


Clearly vessels used to transport large populations will need to employ some form of artificial 
gravity. Gravity will be necessary for many reasons, not the least of which are operation of power 


units that depend on gravity flow for coolants, many industrial processes, and human reproduction 
to name just a few. At present, technology limits us to using centripetal force by rotating the 
spacecraft about an axis. While this has a positive effect on many systems, it has a down side in 
terms of human visual perception and physical side effects such as motion sickness. To avoid an 
extreme coriolis effect that would result in a significant disorientation factor, size matters. The 
larger the rotating object, the less rotational speed required and the smaller the distortion caused 
by the coriolis force. 


All of that considered, any spacecraft is necessarily built around a power and propulsion system. 
It is the key basis for design. without power and without propulsion, one does not have a 
spacecraft. Power systems not only provide the spacecraft with the electrical currents to run all of 
the equipment necessary for navigating the craft, maintaining life support systems, and industrial 
processes necessary on a long-distance, long-duration vessel, it may well be an integral 
component in propulsion systems such as ion and plasma drives. Therefore, we begin our 
discussion of building the spacecraft with power systems in Section One. At the core of these 
systems, most scientists agree that nuclear power is the longest lived and most reliable source 
although supplemental power systems, such as solar and chemical generation equipment, can 
provide life-sustaining redundancy. 


Continuing, we look critically at propulsion systems that likely will be of hybrid design and may 
include main propulsion designs employing nuclear thermal, ion and plasma drives, chemical 
rockets, solar sails, and so forth. Again, multiple and redundant systems help guarantee 
continuation of the mission. Therefore as many practical and currently available propulsion 
systems will be described with an eye to proposing a viable spacecraft later in the book. 


From there, in Section Two, we will delve into the materials needed to construct the spacecraft 
components. Components that will provide protection from the hostile environment of space. We 
will examine currently available materials that can resist or self repair damage from the impacts 
of micrometeoroids; provide lightweight, but extremely strong structural components; resist 
extreme temperatures; protect equipment and living organisms from radiation; and those useful in 
constructing computing, navigational, agricultural, waste processing, and, industrial 
manufacturing equipment. 


Knowing that lifting a spacecraft of the dimensions and weight necessary to ply the galaxy cannot 
be done practically from the Earth’s surface and that some manufacturing processes actually work 
better in space, in Section Three we examine both Earth-based and space-based manufacturing 
and assembly technologies and processes necessary to tackle a project of this magnitude. Once 
the technologies have been presented, in Section Four we delve into the design considerations for 
the vessel, beginning with an overview, then examining individual components required to 
construct a functioning and reliable craft, and the functional design considerations for the habitat 
and engineering torus operations and support functions. 


In Section Five, we consider flight operations for the space ark, briefly reviewing powered flight, 
potential habitable planet targets, solar sails, and gravity assisted acceleration. 


In Section Six, we look at human considerations for long-distance, long-duration space travel. 


This is no small task. Factors involving health and safety, and command and control are given 
careful consideration. We take into consideration both physical and psychological health, systems 
for shipboard governance, and reproduction and population control methods that are necessary to 
maintain a viable population capable of completing a mission that may take generations to 
accomplish. 


Finally, in Section Seven, we take a critical look at the challenges, obstacles, and conflicting 
priorities that building and completing a deep space colonization mission faces. While 
considerable, we do not consider the impediments impossible to overcome. In fact, we believe 
they must be overcome for the sake of survival of our species over the long haul, satisfaction of 
our exploring nature, and we believe that the construction of generation and colony ships must 
begin in the very near future. Waiting to build craft, define goals, and launch missions that extend 
beyond our solar system may well spell failure for such efforts and, indeed, cost humankind its 
future. With that in mind, let us begin the task that will lead us to intergalactic and eventually 
interstellar travel and the search for habitable planets. 


SECTION ONE: POWER AND 
PROPULSION 


Chapter 1: Introduction to Practical and Available Power 
Systems 


This chapter provides a brief overview of conventional nuclear power and non-nuclear 
systems, taking into account both primary and redundant power sources. These systems are 
all currently available technologies. Specific applications, along with their advantages, 
disadvantages and challenges for use are discussed in subsequent chapters. 


Long duration and distance missions will require long-lived and highly reliable power systems. 
While there are conventional non-nuclear systems, most scientists agree that nuclear reactors will 
be used as the primary power source on extended mission starships. Therefore, we begin our 
discussion of the fundamentals of nuclear reactions and radiation basics, move on to currently 
available reactors that can be adapted for use on a spacecraft, and follow with an overview of 
non-nuclear power sources candidates for spacecraft applications. Nuclear reactors all operate 
on thermal principles, the production of heat from the nuclear reaction to heat a fluid (this 
includes gases) to drive turbines connected to generators to produce electricity. 


There are two types of nuclear reactions that can produce the energy necessary to power a 
spacecraft. Fission is the process of radioactive decay that produces smaller elements from the 
parent element accompanied by the release of a large quantity of kinetic energy. The reactions 
involved can either be uncontrolled or controlled. The most obvious example of an uncontrolled 
nuclear fission chain reaction is the atomic bomb that results in a sudden release of tremendous 
energy. An example of a controlled fission reaction is the typical nuclear power reactor where the 
release of energy is gradual in the form of heat used to power steam turbines. Fission occurs in 
heavier elements such as uranium and plutonium. Fusion, on the other hand, is the process by 
which two or more nuclei collide at extremely high speeds to form a new atomic nucleus, in what 
is known as a thermonuclear reaction. This is the reaction that powers stars like our Sun, and the 
destructive power of thermonuclear (hydrogen) bombs. Fusion occurs in lighter elements, like 
hydrogen. In stars, hydrogen fuses to produce helium accompanied by the release of kinetic energy 
and significant electromagnetic radiation. 


Radiation. That's a scary word to most people, conjuring up images of cancer, radiation burns and 
eons of waste storage. What must be remembered, however, is that we are surrounded by 
radiation. In fact, we depend on radiation for our survival and progress. Radiation from the sun in 
the infrared spectrum warms the Earth and makes the planet habitable. Radio waves and 
microwaves are a form of radiation that enable us to communicate, use computers, and navigate 
with GPS, just to name a few applications. Microwave, Gamma and X-ray radiation constantly 
bombard the earth from both the sun and distant sources. Radiation is omnipresent in space, and 
while it poses a danger without Earth's magnetic shield, we have learned how to protect our 
astronauts from most of it. Because radiation is so pervasive in space (e.g., Cosmic Microwave 
Background Radiation - CMBR), release of radiation by a single, or even a fleet of nuclear 
powered spacecraft likely will have a miniscule impact on the space environment. 
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Figure 1 The Radiation Spectrum. Wiki Creative Commons Image. 


Understanding the facts about radiation in space, one can see that use of nuclear power is not only 
a viable option, for deep, long duration travel in space it is the only option in our current 
technological arsenal. Chemical rockets require far too much fuel to be of use on a generation or 
century ship. Ion propulsion has a much too small amount of thrust to be effective in propelling the 
spacecraft at speeds necessary to explore the galaxy, and nuclear impulse propulsion, such as that 
envisioned in the late 1950’s under DARPA’s Project Orion program, would place inordinately 
high stresses on the habitats envisioned for vessels with large human populations. It is why most 
scientists agree that nuclear generation will be required to power not only the massive electrical 
demands of a century ship, but to provide propulsive power directly via a nuclear rocket motor 
arrangement, a suitable plasma drive, or some other indirect means. 


In presenting the options for nuclear power plants, we limit our discussion of nuclear fusion, not 
because it has no application, but simply because fusion reactors that produce more power than 
they consume have yet to be successfully developed. Reactors based on the Tokamak design are 
being pursued by International Thermonuclear Experimental Reactor (ITER), an international 
consortium of public and private institutions, but no successful fusion reaction has been achieved 
with this design at this time. Additional work on a fusion reactor conducted at Lawrence 
Livermore National Laboratory’s National Ignition Facility (NIF) has shown potential with one 
successful small scale test producing slightly more energy than was consumed, however the 
fusion reaction was much too small to be sustained. And finally, the recent release of information 
on a small fusion reactor under development by the Compact Fusion Reactor (CFR) Lead, MIT 
graduate Thomas McGuire, at Lockheed Martin’s Revolutionary Technology Program (commonly 
known as the Skunk Works) could be a game changer for both terrestrial and spacecraft power 
generation. Fission reactors, on the other hand, are proven systems, operating not only as land- 
based power generators, but in naval vessels and space probes, albeit the latter are very small 
thermoelectric reactors. 


Nuclear fission reactors, generally referred to simply as nuclear reactors, or reactors, come in a 
variety of types and sizes. Nuclear reactors producing power for domestic consumption are 


dominated by Pressurized Water Reactors (PWRs), with 273 operational units worldwide!. 
Others in use include the Boiling Water Reactor (BWR), the Pressurized Heavy Water Reactor 
(PHWR), the Gas-cooled Reactor (AGR & Magnox), the Light Water Graphite Reactor (RBMK 
& EGP), and the Fast Neutron Reactor (FBR). The latter two are only used in Russia. It should be 
noted that PWRs have a capacity of 253 GWe, while the remainder of the reactors' capacities are 
dramatically lower ranging from a maximum of 76 GWe to a minimum of 0.6 GWe. 


As most know, nuclear power is not confined to land-based facilities for electrical production 
and experimental physics, but is used to power naval aircraft carriers, ships, and submarines, as 
well as commercial ships. The NS Savannah was the first commercial vessel to use nuclear 
power, but the cost of operation proved to be too expensive for sustained commercial activity. 
Since then, nuclear powered commercial vessels, except for ice breakers built in Russia, have 
failed to be competitive in the marketplace with diesel powered merchantmen. That is not to say 
the idea of nuclear power for commercial vessels has been abandoned, but until cost, design and 
efficiency issues can be addressed, they will likely remain limited in number. U.S. Navy nuclear 
warships also use the PWR system, although a molten salt cooled reactor (the S2G) was 
employed on the submarine USS Seawolf. Even though these reactors are on shipboard and 
produce radiation just like any other PWR, the reactor is so well shielded that despite “close 
proximity to a reactor core, a typical crewmember receives less exposure to radiation than one 
who remains ashore and works in an office building,” proving that we currently have the 
technology to ensure crew safety. 


When contemplating nuclear power for application to large colony or generation spacecraft 
design considerations relating to size, efficiency, cooling systems and so forth require careful 
attention. Some of the newer designs that may have particular application to spacecraft are the: 
Advanced Boiling Water, Molten Salt Cooled, Liquid Metal Cooled, and High Temperature 
Helium Gas-Based Brayton Cycle Supercritical CO2 reactors. Reactors that operate at high 
temperatures are generally more efficient in converting heat from fission reactions to electrical 
energy or other useful process heat. High temperature reactors in which the generated heat is 
rapidly carried away can operate at higher power outputs. Reactor concepts for spacecraft 
applications also include systems that can burn long lived, high activity isotopes. Such systems 
provide additional energy by burning much of the fission waste products, thereby reducing the 
amount of potentially dangerous radioactive waste. Below is a brief summary of each of these 
systems. Currently available nuclear reactors that can be directly or adaptively employed in 
colony and generations ships will be discussed in greater detail in subsequent chapters. 


Figure 2. A typical Pressurized Water Reactor (PWR). The reactor vessels are in the twin cylindrical structures on the left while 
the conical structures in the back are the cooling towers. The turbines and generators are housed in the central building adjacent to 
the reactor vessels. Creative Commons photo. 


The Advanced Boiling Water Reactor System? is designed to operate at lower pressures than the 
standard PWR system. The design reduces the amount of external piping as compared to the PWR, 
offers improved safety features, automates the rod control mechanisms, allows flexibility in fuel 
selection, and generally reduces the complexity of construction. A more detailed description of 
the BWRs can be found in Chapter Three. 


This system could conceivably be applied on a colony type interstellar spacecraft. Since currently 
envisioned colony ship lack sufficient mass to simulate Earth's gravity, the spacecraft must be 
rotated at a rate to achieve 1g prior to activating the boiling water reactor. For spacecraft 
undergoing small accelerations and traveling at relatively low speeds, rotation (via centripetal 
force) can simulate gravity, enabling the reactor system to function just as it would on Earth. 


The Molten Salt Reactor refers to any one of several types of systems, all of which are 
considered to be breeder reactors. A breeder reactor is one that produces more fissile fuel than it 
consumes during operation. Designs include the Advanced High Temperature Reactor (AHTR), 
the Liquid Fluoride Thorium Reactor (LFTR), and various Molten Salt Cooled Reactors such as 
the Very High Temperature Reactor that employs a pebble bed reactor system and the Sodium 
Cooled Fast Reactor (SFR). All of these, save the early experimental MSR operated by Oak 
Ridge National Laboratory (ORNL) that operated from 1965 to 1969, are considered Generation 
IV reactors and some are still in the development stage although most are anticipated to be 
operational within a few years. Chapter Four examines SLRs in more detail. 


The Liquid Metal Cooled Reactor refers primarily to Lead Cooled Fast Reactors (LFRs), which 
have actually been in use since the 1970s in Russian submarines. Current plans for Generation IV 
LFRs call for long lived cores capable of generating 50-150 MWe. Because lead provides an 
excellent shield against gamma radiation, the fact that no electricity is required for cooling after 


shutdown, and lead does not react with air and moisture like sodium does, LFRs are considered 
somewhat safer to operate. We consider LFRs further in Chapter Five. 


The High Temperature Helium Gas-Based Brayton Cycle Supercritical CO2 Reactor is à 
SFR coupled with helium Brayton cycles with multiple reheat and intercooling that use 
supercritical carbon dioxide to drive the generating turbines rather than steam. This makes the 
SFR both more efficient and safer to operate, which is why it deserves separate consideration in 
the discussion of nuclear power for colony and generation ships in Chapter Six. 


Non-nuclear, or conventional, power systems with potential application to space travel include 
internal combustion engines (reciprocating piston, rotary, turbines, etc.) that rely on the 
deflagration process; pulse engines that rely on the detonation process (not to be confused with 
ion pulse engines); electrochemical processes (fuel cells, plasma generators, etc.) that depend on 
a chemical reaction typically facilitated by a catalyst; and solar power generation. Of these, the 
most practical for space application are electrochemical power systems, and solar power systems 
for obvious reasons. Conventional internal combustion engines and pulse engines require 
significant amounts of fuel, adding weight, and creating noxious exhaust gases that must either be 
trapped and recycled for some constructive purpose or vented to space. Electrochemical and 
solar power systems do not suffer significant similar deficiencies in terms of fuel and exhaust gas 
production, making them the logical choices for auxiliary power on spacecraft. Solar collection 
systems, however, are entirely dependent on the intensity of starlight, meaning that the further from 
a star they are, the less efficient they are in power production. These systems will be further 
explored in Chapter Fight. 


Chapter 2: Pressurized Water Reactors 


This chapter takes a closer look at conventional PWRs, their method of operation, life 
expectancies, limitations, and potential advantages and disadvantages of use in long- 
distance/duration spacecraft. 


Pressurized Water Reactors (PWRs) represent one of type of the Light Water Reactor (LWR)* 
class and are the most common reactor type in use today. Reactors of this type may vary in design 
worldwide, but they all operate in the same manner. A fissile (able to undergo nuclear fission) 
material, generally uranium-235 (^U) and plutonium-239 (??Pu), creates heat that is transferred 
to water to generate steam, which in turn drives turbines that turn generators to produce electricity 
(see Figure 3). The pressure system prevents the water from boiling, much as a common kitchen 
pressure cooker does. 


The NRC describes operation of PWRs as a two system process. “There are two major systems 
utilized to convert the heat generated in the fuel into electrical power for industrial and 
residential use. The primary system transfers the heat from the fuel to the steam generator, 
where the secondary system begins. The steam formed in the steam generator is transferred by 
the secondary system to the main turbine generator, where it is converted into electricity. After 
passing through the low pressure turbine, the steam is routed to the main condenser. Cool 
water, flowing through the tubes in the condenser, removes excess heat from the steam, which 
allows the steam to condense. The water is then pumped back to the steam generator for 
reuse." 


CONTAINMENT BUILDING 


REACTOR 
COOLANT SYSTEM 


AUXILIARY BUILDING TURBINE BUILDING 


Figure 3. Schematic representation of a typical land-based PWR. Credit: Nuclear Regulatory Commission (NRC). 


PWRs, while simple in concept, are operationally complex, requiring some 100+ subsystems to 


support the primary and secondary systems. Many of the subsystems are in place to guarantee safe 
operation of the plant. There are additional subsystems to mitigate accidents and deal with 
emergencies. Configurations of the primary system vary, dependent on the manufacturer and the 
system requirements. One of the major designs in use at multiple nuclear generating facilities in 
the U.S. is the Westinghouse four loop plant that is capable of generating between 950 and 1200 
MWe (see Figure 4). 
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Figure 4. The Westinghouse four loop plant primary system. Credit: NRC. 


The reactor is the heart of the system. The beat of that heart is regulated through the use of 
"control rods" that make sure that the nuclear reaction proceeds in an orderly fashion, preventing 
a catastrophic chain reaction that would result in a core meltdown. Figure 5 shows the design 
structure of a typical reactor vessel used in PWRs. 


ROD TRAVEL 
HOUSING 


CONTROL ROD 
DRIVE MECHANISM 


INSTRUMENTATION 
PORTS 


THERMAL SLEEVE 


UPPER SUPPORT 
PLATE 


LIFTING LUG 


INTERNALS 
SUPPORT 
LEDGE 


CLOSURE HEAD 
ASSEMBLY 


HOLD-DOWN SPRING 


CORE BARREL 


SUPPORT COLUMN "x 


CONTROL ROD 
GUIDE TUBE 


CONTROL ROD 
DRIVE SHAFT 


UPPER CORE 
PLATE 


OUTLET IET AD 
BAFFLE RADIAL à AS 
SUPPORT 


BAFFLE Bw 


CONTROL ROD 
CLUSTER (WITHDRAWN) 


CORE SUPPORT ACCESS PORT 
COLUMNS 
INSTRUMENTATION REACTOR VESSEL 
THIMBLE GUIDES — 


RADIAL SUPPORT 


CORE SUPPORT — x LOWER CORE PLATE 


Cutaway View of Reactor Vessel 


Figure 5. A cutaway view of the PWR reactor vessel. Credit NRC. 


Large PWRs likely are impractical for use on spacecraft, even large generation or colony ships. 
The reasons for this are fairly straightforward. First, these are massive, which translates into 
significant weight and space requirements; second, they require huge amounts of water for steam 
production and cooling; third, they traditionally require large cooling towers; and fourth, at the 
end of the reactor's lifetime (50- 80 years) due to the effects of degradation of metals and other 
components, they must be decommissioned(safely removing from service and reducing residual 
radioactivity), demolished, and replaced. Given an average time to construct large PWRs of 5-7 
years, not to mention the raw materials requirements, it simply makes little sense to use them in 


spacecraft like generation ships. 


The more compact, but highly reliable PWRs used on naval vessels may prove to be a practical 
alternative to other nuclear reactors. The A4W? reactors, designed by Bettis Atomic Power 
Laboratory and Knowls Atomic Power Laboratory and built by Westinghouse, have an output of 
approximately 500 MWth (megawatts thermal), which translates into approximately 165 MWe 
due to intrinsic heat losses and loss in the reactor heat to steam transfer (commonly referred to as 
"reactor efficiency"). A schematic of a typical naval PWR is provided in Figure 6. 
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Figure 6. Schematic of the naval PWR used on warships. Credit: NNSA. 


The chief advantage to this configuration is that complete replacement reactors can be 
prefabricated and carried in storage until the useful life of on-line reactors is reached, enabling 
rapid modular replacement. Because the output of these reactors is much less than large plants, 
several reactors would be required to produce the power required by a large spacecraft, however 
they could be arranged in modular fashion much as the reactors on an aircraft carrier. In addition, 
metals and other materials with minimal surface contamination can be cleaned and recycled for 
later remanufacture and reuse. It may even be possible to reprocess a portion of the nuclear fuel 
used to power the reactors. The life expectancy of the fuel rods in Naval reactors is 
approximately 22 years, while the reactors are safely usable for 80+ years. Table 1 provides he 
major advantages and disadvantages of small PWRs and, for the purposes of this book is strictly 
informative. It is not, nor is it intended to be a detailed list. 


Proven design Fission reactor with spent fuel disposal issues 


Compact Low power output per unit 


Modular construction Storage space required for spare modules 
Multiple units possible Multiple units needed for required power generation 


Lower water requirement (little makeup Onboard water dedicated to reactors required 

water required) 

Lower individual cost Compounded cost due to multiple unit requirement & 
limited reactor life 


Table 1. Major advantages and disadvantages of PWRs in spacecraft applications. 


Risks include potentials for pressure explosions, runaway hydrogen production and explosion, 
and thermal meltdown of the core, although these are generally preventable with fully functional 
safety systems in place. 


Chapter 3: Boiling Water Reactors 


In this chapter we review how boiling water reactors (BWR) are designed, constructed, and 
operated. While scalable, power is tied to size in these systems and they require very large 
amounts of water, creating potential issues in application to generation/century ships. 


Another in the class of Light Water Reactors, boiling water reactors operate on a “steam kettle” 
principle. Basically, the reactor heats the water to boiling, allowing steam to rise to the top and 
be channeled out through a separator that recovers water droplets and sends “dry steam" to drive 
turbines that run generators to produce electricity. The NRC explains the operation of BWRs as 
follows: 


"Inside the boiling water reactor (BWR) vessel, a steam water mixture is produced when very 
pure water (reactor coolant) moves upward through the core absorbing heat. The major 
difference in the operation of a BWR from other nuclear systems is the steam void formation in 
the core. The steam-water mixture leaves the top of the core and enters the two stages of 
moisture separation, where water droplets are removed before the steam is allowed to enter the 
steam line. The steam line, in turn, directs the steam to the main turbine causing it to turn the 
turbine and the attached electrical generator. The unused steam is exhausted to the condenser 
where it is condensed into water. The resulting water is pumped out of the condenser with a 
series of pumps and back to the reactor vessel. The recirculation pumps and jet pumps allow 
the operator to vary coolant flow through the core and change reactor power’.” 


Figure 8. Schematic of the Advanced Boiling Water Reactor Facility. Credit NRC. 
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Figure 9. Core of a Boiling Water Reactor. Credit NRC, Reactor Concepts Manual 


Typically, the fuel rods for BWRs are Uranium Oxide (UO,) pellets in a Zircaloy 2 cladding 
tubes. Zircaloy-2 is a complex alloy of sponge zirconium with components added to increase 
strength and resistance to corrosion. Information on the major components and impurities that are 
specified for reactor-grade material are as follows:? 


Element Weight 96 
Major Components 
Sn 1.2-1.7 
Fe 0.07-0.20 
Cr 0.05-0.15 
Ni 0.03-0.08 


Impurity Maxima 


A] 0.0075 


B 0.00005 
C 0.0270 

Cd 0.00005 
Co 0.0020 

Cu 0.0050 

H 0.0025 

Hf 0.0200 

Pb 0.0130 
Mg 0.0020 
Mn 0.0050 

N 0.0080 

Si 0.0120 

Na 0.0020 

Ti 0.0050 

W 0.0100 

U (total) 0.00035 

U-235 0.0000025 


According to the ORNL review report, *It [Zircaloy] was developed specifically for nuclear 
reactor applications in a high temperature water environment. The alloying agents — tin, iron, 
chromium, and nickel — were added to sponge zirconium to neutralize the detrimental effect o, 
n corrosion resistance of the impurities — nitrogen, aluminum, and carbon — and for their 
strengthening effect. The low neutron absorption cross section of pure zirconium was not 
increased significantly by these alloying materials." 


The control rods that perform the dual function of shaping the power distribution and controlling 
reactivity are Boron Carbide (B,C) powder packed in stainless steel tubes. These can be inserted 
or withdrawn by hydraulic pistons to accomplish their tasks. 


Additional information on BWRs can be found in GE's BWR6 General Description document 


available online at http: [[NWW. google. com url? 


RE a ncsu. edu%2F~doster%2FNE405%2F 
Manuals?62FBWR6GeneralDescription.pdf&ei-IP1H VPfePMSiy 
AScOYCgBQ&usg-AFQjCNEWGdHXx3BzyPiuZP3CUMNB1zhMJ80g& 


bvm-bv.77880786,d.e XY. 


Modern BWRs are massive structures, built to produce large amounts of power, making such units 
questionable for use in a spacecraft, even a very large one. The typical reactor vessel alone is 
huge (see Figure 10). Additionally, these reactor systems require tremendous amounts of water. In 
commercial plants, the suppression pool alone holds more than one million gallons. For a reactor 
of that size, the water for the pressure suppression containment alone would add more than 8.5 
million pounds (3,855,535 kg) of mass to the spacecraft. BWRs don't necessarily have to be 
large, however output is very much related to size. For example The Vallecitos BWR funded by 
GE and Pacific Gas and Electric was rated initially at 20 MWth and later licensed for 30 MWth, 
with an output rating of 5 MWe. It produced approximately 40,000 MWe over a six-year period 
(1957-63). By comparison, modern commercial plant BWRs have an output of 1350+ MWe. 
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Figure 10. Typical BWR reactor vessel. Credit: DOE, Idaho National Laboratory (INL). 


Given that the water used by such a plant will be dedicated and not usable for other purposes, this 
system, unless scaled down, has severe limitations when it comes to spacecraft applications. 
Table 2 examines some of the major advantages and disadvantages associated with BWRs in 
spacecraft applications. 


Fission reactor with fuel rod replacement and spent fuel disposal 
issues 


Scalable (large units likely Low power output per unit at smaller scale units 


impractical) 


Modular construction possible Storage space required for spare modules 


Multiple units possible for small | Multiple units needed for required power generation 
scale units 


Can be replaced by new units in | Limited life for smaller units 
storage 


Lower operating pressures (safety | Onboard water dedicated to reactors required, with large units having 
advantage) huge water demands 


Excellent heat transfer Compounded cost due to multiple unit requirement & limited reactor 
coefficients. life 


Table 2. Major advantages and disadvantages of BWRs in spacecraft applications. 


Risks are similar to those of PWRs, although the risk of explosion from pressure is less and these 
reactors have similarly functioning safety systems to prevent explosion and core meltdown. 


Chapter 4: Molten Salt Reactors 


In this chapter we examine molten salt reactors (MSRs) in more detail, providing schematic 
drawings and photographs where possible, and delineating the limitations, advantages and 
disadvantages of each type of reactor in a long-distance and duration spacecraft application. 


MSRs are nuclear reactors that use molten salt as a coolant or serve double duty as a coolant and 
fuel component. With the exception of proposed “denatured” MSRs, these are “breeder” reactors, 
meaning that they produce more fissile material than they consume. MSRs operate at much higher 
temperatures than LWRs, a distinct advantage in efficient operation. They can use down to 1.8% 
enriched uranium 235 (^U) as a base fuel, and can burn up to 96% of the fuel, leaving much less 
and lower activity wastes. The primary argument against breeder reactors is the fear nuclear 
proliferation. 


The Advanced High-Temperature Reactor (AHTR)’, sometimes referred to as the Liquid Salt 
Very High Temperature Reactor (LS-VHTR), is designed to operate at very high temperatures, in 
the range of 700? - 1000? C to efficiently provide low-cost thermal production of electricity. An 
added facet is that it can also be used in the production of hydrogen when coupled with the 
Brayton Cycle. Hydrogen can then be collected for use in auxiliary chemical rockets or used for 
the production of auxiliary power (feedstock for fuel cells) and water (fuel cell by-product). 
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Figure 11. Schematic of the AHTR for electricity production. Credit: DOE/ORNL (2003). 


The initial AHTR concept was born at the Oak Ridge National Laboratory (ORNL) and built as 
an experimental reactor for proof of concept. It operated for 4 years without incident before it 
was shut down due to lack of funding and concerns over nuclear proliferation, however these 


reactors remain an active concept at Oak Ridge and elsewhere. Variations of the design, High 
Temperature Gas Cooled Reactors (HTGRs) operated in the U.S. (Peach Bottom Reactor), the 
U.K., and Germany and are currently operating or being built in Japan and China. 


The Fluoride-Salt-Cooled High-Temperature Reactor (FHR) is still in design phase under a 
DOE funded project led by MIT. This is a fluoride salt high temperature gas cooled reactor. 
Current technology uses a pebble bed fuel, but flat fuel plates and a pin assembly in a graphite 
pile have been proposed and are being investigated. 


It must be noted that only a single class of high temperature reactor fuel has been successfully 
demonstrated, the coated particle graphite matrix fuel (see Figure 13). The fuel can be used in the 
salt matrix directly, or in pebble bed (as in the figure), prismatic, pin, or plate-type 
configurations, depending on core design. 


Two coolants are compatible with high temperature reactors and graphite materials, helium (used 
in the HTGRs mentioned above) and liquid fluoride salts. Helium is used as a high pressure gas, 
while liquid fluoride salts are at low pressure. 
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Figure 12. Schematic of a Fluoride-Salt-Cooled High-Temperature Reactor (FHR)10. Credit MIT via DOE. 
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Figure 13. Pebble Bed fuel configuration used by the FHR. Credit: MIT via DOE. 


Over all, Liquid Salt Cooled Reactors are estimated to be much more cost efficient that other 
reactors due to a 5096 reduction in material costs because of their relatively smaller size, higher 
core power densities, heat transfer ability, and overall safety. This is especially true of LSRs that 
use pebble bed reactors. Figure 14 provides a comparison of building and concrete volume and 
steel consumption required by various reactors. 
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Figure 14. Materials comparison for various reactors. Credit: DOE/ORNL. 


Perhaps one of the best candidates for spacecraft nuclear power is the Liquid Fluoride Thorium 
Reactor (LFTR), a molten salt-fueled reactor. There are two fundamental reasons why it might be 
preferred. First, Thorium is the most abundant of the radioactive minerals on earth, approximately 
four times as abundant as uranium. This makes it less expensive to extract than other rare earths. 
Since it is a primordial element (formed at the time the universe was formed), one can assume 
that it will be equally abundant in space. Indeed research has shown that Thorium is present in 
both chondritic and achondritic meteorites".Second, it achieves extremely high operating 
temperatures at normal atmospheric pressures, making it both more efficient and safer than other 
reactors (it has a higher melting point, higher thermal conductivity, and lower coefficient of 
thermal expansion than the most-common nuclear fuel, uranium dioxide, UO,). Because the LFTR 
is a breeder reactor, excess fissile material must be removed from the fuel salt. This can be done 
continuously on a daily basis, removing small amounts of the excess material without having to 
completely clean the salt fuel. In a spacecraft application, this excess fissile material can be used 
for other purposes such as nuclear rockets. 
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Figure 15. The Liquid Fluoride Thorium Reactor. Credit: DOE/INEEL, 


Fission breeder reactor with few spent fuel disposal issues |Some design issues remain, but production 
-(breeder products usable for other purposes) units are in use. 


Scalable (large units likely impractical) 


Modular construction possible 


Multiple units possible for small scale units 


Can be replaced by new units in storage 


Lower operating pressures (safety advantage) 


Excellent heat transfer coefficients. 


No water requirement 


Low power output per unit at smaller scale 
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Storage space required for spare modules 


Multiple units needed for required power 
generation 


Possible limited life for smaller units 


Compounded cost due to multiple unit 
requirement & limited reactor life 
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Chapter 5: Liquid Metal Cooled Reactors 


Liquid metal cooled reactors were initially designed and developed under the designation 
Integral Fast Reactor (IFR) by Argonne National Laboratory from 1984 to 1994. LFRs are 
considered to be the safest of all of the reactors. 


Figure 16. Schematic of the Lead-Cooled Fast Reactor. Credit: DOE/INL. 


INL describes the LFR as follows. *The Lead-Cooled Fast Reactor (LFR) system features a 
fast-spectrum lead or lead/bismuth eutectic liquid metal-cooled reactor and a closed fuel cycle 
for efficient conversion of fertile uranium and management of actinides. 


The lead (Pb) coolant exhibits very low parasitic absorption of fast neutrons, and this enables 
the sustainability and fuel cycle benefits traditionally associated with liquid metal-cooled fast 


spectrum reactors. Pb does not react readily with air, water/steam, or carbon dioxide, 
eliminating concerns about vigorous exothermic reactions. It has a high boiling temperature 
(1,740 C), so the need to operate under high pressure and the prospect of boiling or flashing in 
case of pressure reduction are eliminated. 


The LFR is mainly envisioned for electricity and hydrogen production and actinide 
management. Options for the LFR include a range of plant ratings and sizes from small 
modular systems to multi-hundred megawatt sized plants. Two key technical aspects of the LFR 
that offer the prospect for achieving non-proliferation, sustainability, safety and reliability, 
and economics goals are the use of Pb coolant and a long-life, cartridge-core architecture in a 
small, modular system intended for deployment with small grids or remote locations. Some 
technologies for the LFR have already been successfully demonstrated internationally." 
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Chapter 6: The High Temperature Helium Gas-Based Brayton 
Cycle Supercritical .,2 Reactor 


This chapter examines the use of supercritical carbon dioxide (S-CO,) gas as a working 
fluid to drive the turbines that power generators/dynamos. 


Rather than being a description of yet another reactor type, here we examine the supercritical 
carbon dioxide (S-CO,) Brayton Cycle for improving the efficiency of turbine operation. This 
technology can arguably be applied to a variety of high temperature fast reactors, but is 
particularly applicable to molten salt reactors (e.g, HTGR, VHTR, etc.) and metal cooled 
reactors (e.g., LFR). Note: the Brayton Cycle has been known and used for many years. The 
difference here is that this system uses S-CO, instead of air or helium. 


Chang Oh, et al, investigated the use of supercritical CO, to drive a turbine in 2004” with the 
stated objectives as: “(1) to develop a supercritical carbon dioxide Brayton cycle in the 
secondary power conversion side that can be applied to some Generation-IV reactors such as 
the HTGR and supercritical water reactor, (2) to improve the plant net efficiency by using the 
carbon dioxide Brayton cycle, and (3) to test material compatibility at high temperatures and 
pressures. The reduced volumetric flow rate of carbon dioxide due to higher density compared 
to helium will reduce compression work, which eventually increase turbine work enhancing the 
plant net efficiency." 


The simulations they ran showed an increase of efficiency from 46.496 to 50.796 when outlet 
pressure was increased from 8 MPa to 20 MPa. To validate their calculations, INEEL 
investigators chose Japan's Gas Turbine High Temperature Reactor (GTHTR300) Brayton Cycle 
configuration, in part for its simple single shaft turbine design. 


Figure 17. Design schematic of the GHTHR300. Credit: INEEL. 


Sandia National Laboratory is also working on S-CO, Brayton Cycle configurations, including 
one with helium. Sandia describes the differences between the helium and S-CO, systems this 


way: *...Brayton cycles with helium as the working fluid, is designed to operate at about 925 
degrees C and is expected to produce electrical power at 43 percent to 46 percent efficiency. 
By contrast, the supercritical CO2 Brayton cycle provides the same efficiency as helium 
Brayton systems but at a considerably lower temperature (250-300 C). The S-CO2 equipment 
is also more compact than that of the helium cycle, which in turn is more compact than the 


conventional steam cycle'^." 


They also state: *...compared with other gas turbines the S-CO2 Brayton system could increase 
the electrical power produced per unit of fuel by 40 percent or more. The combination of low 
temperatures, high efficiency and high power density allows for the development of very 
compact, transportable systems that are more affordable because only standard engineering 
materials (stainless steel) are required, less material is needed, and the small size allows for 
advanced-modular manufacturing processes." 


Modularity is extremely important when considering construction of long distance/duration 
spacecraft for two reasons. First, modular units can be constructed on Earth and then transported 
to the space-based construction project; and second, modularity allows for spare units to be 
stowed in the event of failure or damage. It also is important to note that the Brayton Cycle 
equipment is adaptable to multiple heat source systems ranging from nuclear to gas-fired to coal. 
It is not nuclear-dependent, which means these units can be used on a habitable planet using 
available resources if necessary. 


Figure 18. Supercritical carbon dioxide recompression closed Brayton cycle test assembly. Credit: DOE-Sandia National 
Laboratory. 


Figure 19. Schematic drawing of the Closed Loop Brayton Cycle at Sandia National Laboratory. Credit: DOE-Sandia National 
Laboratory. 


Chapter 7: Nuclear Fusion Reactors 


In this chapter we briefly look at nuclear fusion reactors and their potential for use in 
intergalactic/interstellar spacecraft. Long the province of science fiction spacecraft, recent 
advances in fusion technology may hold the key to future space travel, providing essentially 
unlimited energy for both power and propulsion systems. 


Our initial intention in this book was to skip nuclear fusion entirely, since sustainable controlled 
fusion reactions have yet to be successfully demonstrated and, with one notable exception at the 
National Ignition Facility at Lawrence Livermore National Laboratory, have failed to produce 
more power than it took to initiate the reaction. We bring the subject up now only because of a 
recent press notice released by Lockheed Martin's Advanced Development Programs (AKA the 
Skunk Works), which normally works on highly classified projects at its headquarters in 
Palmdale, CA and at Groom Lake on the Nevada Test Site. What makes the development by the 
Skunk Works significant, in our opinion, is its impressive record in successfully bringing highly 
technical and extremely difficult projects to fruition. Projects like the SR-71 Blackbird, the F-117 
Stealth Fighter, and the F-22 Raptor spring to mind. 


The Skunk Works is doing a design-build on a Compact Fusion Reactor (CFR) using several 
magnetic confinement techniques in a novel approach (the high beta configuration) that they claim 
will make a 100 MWe plant the size of a semi-trailer possible. They also claim that they can build 
and test the reactor within a year and have a working prototype built in five years, with full 
production models available The CFR is projected to run on a feed of just a few grams of 
deuterium and tritium. If the claims are true, this will be a game changer not only for power 
production on Earth, but as a power source for long distance and duration spacecraft, especially 
since reactor fuel storage space requirements will be very small. 


The following web sites will provide the reader with more information on the CFR currently 
being developed. 


Lockheed Martin Web Site on CFR: http://www.lockheedmartin.conyus/products/compact- 
fusion.html 


Aviation Week Web Site: http://aviationweek.com/technology/skunk-works-reveals-compact- 
fusion-reactor-details 


Next Big Future Web Site: http://nextbigfuture.com/2014/10/lockheed-martin-compact-nuclear- 
fusion.html 


Fusion reactors like the ITER's Tokamak also use D-T fuel. The primary drawback to using 
Tritium is its limited production rate, limited supply, and, thus high cost, which is estimated to be 
approximately $100K/gram. Large earth-bound Tokamaks will require approximately 300 grams 
of tritium per day to function, representing an initial cost of ~$30,000 per day (based on U.S. 
costs), but tritium can be bred from a lithium “blanket” in Tokamak reactors, essentially making 
them self-sustaining as long as the lithium blanket remains intact. 


Another stumbling block for ITER, and large Tokamak reactors in general, is the building cost for 
the project. To date, ITER has spent ~ $50 billion (U.S.), or roughly ten times the original 
estimate, due to delays and budget overruns for a reactor that is projected to produce 500 MWe. 


In conjunction with DOE's Oak Ridge National Laboratory (RNL), the Princeton Plasma Physics 
Laboratory (PPPL) helped design the first Tokamak reactor (PPPL’s Tokamak Fusion Test 
Reactor - TFTR, 1994) and has subsequently worked on a number of design refinements. The 
National Spherical Torus Experiment (NSTX) is an example of advances they have made on the 
reactor design. The NSTX ( Figure 20) uses only deuterium to produce the plasma, but production 
models are expected to use the deuterium-tritium mix as its feed stock. This may prove to be 
problematic in that current stocks of tritium are estimated to be less than 20 kg and production is 
only ~1.5 kg per year, with a decline in production and on-hand stocks projected over the next 35 
years. Unless fusion is achieved fairly rapidly, supplies will dwindle and costs will rise. 
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Figure 20. Schematic of the NSTX. Credit DOE, ORNL and PPPL. 


Tritium decays to Helium-3, but it can be readily reconverted to tritium in nuclear fission 
reactors. Helium-3 is abundant on the lunar surface, and is likely to be abundant on other moons, 
planets, or planetoids not protected by an atmosphere. This means there is a potential ready 
supply of the material for conversion to tritium in space, likely easing concerns about fueling a 
fusion reactor such as the one proposed by Lockheed Martin, assuming it does not use a lithium 
blanket. It follows that it would be prudent to have one or two fission reactors on a long distance 
and duration spacecraft even if fusion became the primary power source. 


A successful design, design, prototype and production model of the CFR by the Skunk Works 
within their projected timeframe would change the face of clean power and space exploration. Let 
us hope they can deliver. 


Chapter 8: Auxiliary Power Sources 


Redundant systems being key to successful space flight, in this chapter we describe the 
predominant auxiliary power systems that can provide temporary backup power sources to 
sustain the mission in the event of a main power shutdown until appropriate repairs and 
restart can be accomplished. 


Auxiliary power systems for spacecraft on extended time and distance missions is essential to 
ensure their viability in the event of a main power system shutdown or failure, allowing time for 
repairs to be made or reserve reactors to be brought online. For craft such as deep space 
exploration, colony, or generation ships, systems like solar photovoltaic, fuel cells, radio-isotope 
thermal generators, and primary batteries will serve only in auxiliary or reserve capacities, 
unlike the primary functions they have fulfilled in conventional spacecraft. This by no means 
diminishes their importance to mission success. Photovoltaic and solar thermal dynamic arrays 
can provide significant electrical power when proximal to stars; Smaller systems, such as fuel 
cells and primary batteries are useful for compartmentalized power requirements; and radio- 
isotope thermal generators can be very useful for powering some critical subsystems and in 
exploratory probes. 


Solar power has long been employed as both a main and backup power source in spacecraft. 
There have been significant advances in materials and technological breakthroughs for solar 
arrays in recent years leading to higher efficiencies in power production, extended longevity, and 
reduced bulk of these systems. These combine to make larger, stronger, lighter and more flexible 
arrays with higher electrical production possible. Size, strength and flexibility are extremely 
important to long distance and duration spacecraft that likely will travel outside the range of 
usable solar/star light much of the time. The ability to deploy, recover, and redeploy solar arrays 
as needed will add to the life of the arrays by reducing exposure to the harsh environment of 
space. 


Solar cells work because of the photoelectric (PV) effect, an atomic level process where photons 
are absorbed by certain materials, which then release electrons. This phenomenon was initially 
discovered in 1839 by Edmund Bequerel, a French physicist, but use of the phenomenon to 
actually produce an electric current did not occur until near the beginning of the space age 
(1970s) when it was first employed to help power systems on spacecraft. Over the years, the 
design of and materials used in solar cells have changed, but they still function in the same way as 
the originals (see Figure 21). 
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Figure 21. Schematic of how a photovoltaic cell works. Credit: NASA 


To achieve a large enough electrical current to be useful, several PV cells are connected together 
to form a module and then several modules are connected to form an array (Figure 22). 


ARRAY 

ERA RAN S RAN S TR. 
debe Nbdk S M G6) Y e d 
s\n me dme | | iei dme dim | edm me dme 


Figure 22. Schematic of how a solar array is constructed. Credit: NASA. 


The appeal of photovoltaics is based on the virtually unlimited solar energy available. Our sun 
shines constantly and although the rotation of the Earth makes it available only part of the day on 
terrestrial environments, it is available constantly to a spacecraft traveling with a direct line of 
sight to the sun. The drawback to the use of solar arrays in long distance and duration spacecraft 
is that the solar intensity reaching the PV cells, whose current maximum efficiencies are only 


about 4096, diminishes with distance, reducing electrical output. This means that for a deep space 
vessel the ability of the PV arrays to function will eventually be reduced to zero until a new solar 
source can be acquired. This makes the concept of deployable and recoverable solar arrays 
extremely appealing in such craft. 


Revolutionary new materials are making these lighter, stronger solar arrays possible. Materials 
like carbon nano-fiber (CNF) and graphene nano platelets (GNP) are ten and 50 times stronger 
than steel respectively, with extremely high tensile, shear, and compression strengths. In addition, 
they are highly thermally and electrically conductive, equivalent to or better than copper. CNF 
and GNP find uses in solar applications not only as structural support, but also as electrical 
conductors. Their tensile strength and high modulus of elasticity makes them ideal for deployable 
solar arrays. Additionally, given that solar arrays in space degrade as much as 4%/year due to 
thermal cycling, material off-gassing, and the space environment in general, the use of these 
advanced materials will allow for replacement arrays without adding a large amount of weight or 
taking a lot of storage space. 


Deployable and retrievable systems that use lighter and stronger materials will be important to 
deep space exploration and colony ships for two primary reasons. First, weight (mass) is a big 
consideration in terms of thrust to weight ratios. The less weight a spacecraft has, the less thrust 
is required to move it, or in other terms, the lower the mass of the spacecraft the greater the thrust 
ratio. Second, being able to deploy, retrieve and redeploy the array(s) reduces drag when the ship 
is too far from a solar source, allows for unimpeded maneuvering/docking, and reduces exposure 
to the space environment and potential damage from micrometeoroids. It is important to note that 
these systems are not some distant proposal. They have already been developed and are currently 
being tested. NASA's Glenn Research Center describes the ROSA system it is testing as follows: 


*Deployable Space Systems (DSS) of California has developed a flexible solar array 
design that can unfurl in space to generate spacecraft power supplies and then retract 
for delicate maneuvers and docking to other spacecraft. The ROSA (Roll Out Solar 
Array) system features a “roll out” design that uses carbon fiber composite booms to 
deploy solar panels without the aid of motors, making it lighter and less expensive than 
current solar array designs." See Figure 23. 


Figure 23. Principal Investigator Jeremiah McNatt tests different solar cell designs on the DSS flexible solar array. Credit 
NASA/Bridget Caswell. 


We can anticipate even more refinements in technology over the next few years, such as the use of 
quantum dots in the Multiple Exciton Generation (MEG) process^, that will increase PV 
efficiency and array strength and resiliency, keeping solar energy a viable auxiliary power source 
for all future spacecraft. 


Fuel cells have been in use for spacecraft since the inception of manned space flight, and more 
recently they have found their way into the auto and commercial power industries. Fuel cells 
produce electricity from chemical reactions and several types of fuel cells exist (see Table 3). 
All of them convert hydrogen in the presence of oxygen and a catalyst to water, releasing 
electrons in the process. All of them share another characteristic in that the individual fuel cells 
produce a very small amount of electricity and therefore they are assembled in "stacks" that 
generate usable amounts of electrical power. The variables in fuel cell types are the 
electrolyte/catalyst used, the presence or lack of a proton exchange membrane (PEM), and the 
materials used to construct the electrodes. 


Schematic drawings illustrating the structure and operation of the various fuel cells are provided 
in Figure 24 following Table 3. 
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Table 3. Comparison of Fuel Cell Types. After DOE Office of Energy. 
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Figure 24. Schematic representation of various fuel cells. Individual images credit: DOE Office of Energy, LLNL. 


Two other fuel cell types bear mentioning, the Unitized Regenerative Fuel Cell (URFC) and the 
recently NASA-developed Non-Flow Through Fuel Cell. 


The URFC (Figure 25) is a reversible system that creates electrical current via a modified PEM 
fuel cell in the standard manner by converting hydrogen and oxygen into water to release 
electrons, but its modifications allow recovery of the water and regeneration of hydrogen and 
oxygen by electrolysis using an external charging source (charging station or solar power)!*. 
Therefore, it is not a stand-alone fuel cell in the sense that it uses an outside power source (solar) 
for part of its cycle. Still, the URFC may be useful while a spacecraft is proximal to a source of 
solar radiation as well as for planetary habitats. This system produces zero pollutants, which is a 
significant consideration for planetary exploration and colonization efforts. 


NASA's non-flow-through fuel cell (NFFC) technology passively wicks water away from the 
stack, eliminating recirculation of the reactant. The system requires fewer components and is said 
to be more efficient and reliable with a higher power density and, at the same time, reduces the 
weight of fuel cells by hundreds of kilograms, all of which are important considerations in space 
flight. The system is currently undergoing tests to determine degradation factors and long term 


performance. Figure 26 is a photograph of a 3kW NFFC model. 
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Figure 25. The electrochemistry of a unitized regenerative fuel cell. Credit: DOE. 


Figure 26. The Non-flow-through Fuel Cell. Credit: NASA/Glenn Research Center. 


Radioisotope thermoelectric generators(RTGs) have been in use since 1961 and are considered 
safe, reliable sources of power and heat for deep space probes. An RTG (Figure 27) has been 
reliably powering Voyager I for nearly four decades as it explored our solar system, passed 
through the heliosphere and into interstellar space and a modern version called the Multi-Mission 
RTG (Figures 28 and 29) currently powers the Mars Rover, Curiosity. RTGs operate on the 
principle of nuclear decay to produce heat, which in turn is converted into electricity via 
thermocouples by the Seebeck Effect, the conversion of temperature differences directly into an 
electrical current. 


Figure 27. A cutaway schematic of Voyager’s Multi-Hundred Watt RTG. At mission start, the MHW-RTG had an output of 158 
watts. Credit: NASA. 
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Figure 28 Curiosity self portrait, showing its RTG at the center. Credit: NASA. 
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Figure 29. Schematic drawing of the MMRTG used by Curiosity. 


According to NASA, *Each MMRTG carries 10.6 pounds (4.8 kilograms) of plutonium-238 
dioxide as its nuclear fuel, using eight General Purpose Heat Source (GPHS) modules to 
produce about 110 Watts of electrical power in total. 


Primary batteries are chemical, non-rechargeable or rechargeable electrical storage units. They 
provide “short burst” power (e.g, to fire pyrotechnical devices) or for main power sources 
during launch or when renewable or recharging sources such as solar either are not available or 
not yet deployed. Over the years, silver-zinc (Ag-Zn), zinc-mercury oxide (ZnHgO), and Lithium- 
Sulfur Dioxide (LiSO,) have been used on spacecraft. Rechargeable batteries are required to 
store electrical energy from solar arrays and release it when sunlight is unavailable. In 
interstellar spacecraft applications, they will have a limited, but still important role to play. 
Because of their tolerance to a wider range of temperatures, relative higher specific energy 
densities and voltage, and a relatively lower cost, LiSO, batteries are the most likely choice for 
primary/rechargeable battery requirements on long distance and duration spacecraft. 


Chapter 9: A Brief Introduction to Propulsion 


This chapter provides the reader with a brief introduction to the principles of propulsion. Basic 
mathematics is used to help the reader understand the relationships involved in the fundamentals 
of how a spacecraft is moved through the interstellar medium. 


Simply put, propulsion is the application of force to move an object from a position of rest or to 
stop an object or change its direction of motion. All objects are inertial, regardless of their state 
of motion. Sir Isaac Newton's First Law defines inertia elegantly: *An object at rest stays at rest 
and an object in motion stays in motion with the same speed and in the same direction 
unless acted upon by an unbalanced force." Propulsion can best be thought of as that 
"unbalanced force." Newton's second and third laws of motion are equally important when 
considering propulsion: 


e Second Law: “The vector sum of the forces F on an object is equal to the mass m of that 
object multiplied by the acceleration vector a of the object: F = ma;" and 


e Third Law: “When one body exerts a force on a second body, the second body 
simultaneously exerts a force equal in magnitude and opposite in direction on the first 
body." 


Propulsive force exists in many forms and may, or may not require a direct expenditure of energy. 
Let us consider some everyday examples of propulsion. In the human body muscles provide 
propulsive force for walking, running, jumping, and so forth. In a slingshot, the stretchable bands 
provide the force to accelerate a projectile. Engines provide the force to propel vehicles. Each of 
these vary in complexity, but share the same purpose... changing the state of motion of a body. 
These are all examples of propulsion that require the expenditure of energy. The body converts 
food to sugars (stored/potential energy) that power nerve impulses and move muscles (kinetic 
energy). Muscle power is needed to draw the bands of a slingshot (stored/potential energy) that 
contract rapidly (kinetic energy). In an analogous situation, an automobile engine uses the stored 
energy of a battery to set its pistons in motion which use fuel and an electrical spark to convert the 
stored energy of fuel in the presence of oxygen into explosive kinetic energy that turns the 
crankshaft, rotating the driveshaft to rotate the wheels that move the vehicle. 


Thrust is the force generated by the propulsion system and is mathematically defined by the Thrust 
Equation (Figure ) as the change in momentum over time. A simple example of how thrust works 
can be found in the example of a balloon being blown up and released by a child. The propulsion 
system consists of the fuel (air supplied by blowing up the balloon), a pressure chamber (the 
expanded balloon), a valve (fingers pinching the opening) and a nozzle (the tubular opening at the 
bottom). Once inflated, the release of the *valve" allows the pressurized air to escape through the 
"nozzle," which increases its velocity due to constriction, propelling the balloon forward. 
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Force = change in momentum with time F = mV] -ImV];) 
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Figure 30. The General Thrust Equation. Credit: NASA-GRC. 


Acting against propulsive force are drag forces, those forces of the surrounding medium that 
affect the efficiency of the propulsive system. Since all media are considered fluids in these 
interactions, Examples of drag forces include sources of friction such as surface contact, the 
atmosphere, and, in space, the cosmic microwave background radiation (CMBR), among others. 
Gravity is a force, and it can either be a hindrance or a help when it comes to propulsion, which 
we will discuss later. For a propulsion system to be effective, it must produce a force necessary 
to move the object (mass), and overcome the forces of drag. Generally, as velocity (speed) 
increases, so too do the effects of drag. Like most things in the wonderful world of engineering, 
drag can be calculated using a fairly simple equation. 


Fp = 1/2 pv° C, A 
Where: 
F, is the drag force 
p is the density of the fluid 
v is the velocity of the object 
C, is the drag coefficient (a dimensionless number determined by the shape of the object 
and the Reynolds number) 
A is the cross sectional area of the object 


Without going into the mathematical details, given that drag increases with velocity, it means that 
the faster an object goes the more power is required to maintain or increase its velocity. In fact 
doubling the speed of an object quadruples the drag, which actually requires eight times the 
power, since the power required to push an object through a fluid increases as the cube of 
velocity (v?). This is important since increased power requires more fuel. In spacecraft more fuel 
means a greater amount of the vehicle mass must be devoted to fuel storage, which decreases the 
mass that can be allocated to the human payload and the systems and supplies necessary to sustain 
life. The trick is to achieve a maximum realistic speed while maintaining the sustainability of the 
mission and its crew. It is a difficult, but achievable design task. 


Speed and drag create an additional problem that must be overcome. As speed and drag increase, 
so too does hull heat (e.g., hull temperatures could reach as high as 1,100? F on the SR-71 
Blackbird during flight, causing the fuselage to expand 6" and annealing its titanium skin when 
flying at Mach 3 in the thin atmosphere at an altitude of 100,000- feet). This can be mitigated in a 
number of ways, but shielding with heat dissipating materials is the most common approach. In 
contemporary spacecraft, this is only a consideration for atmospheric reentry since these space 
vehicles do not approach speeds where CMBR drag generates enough heat to be of concern. 
Early generation or colony ships, likewise, will be unlikely to achieve speeds where this will be 
a concern, but future vessels may well be designed to accelerate over time to extreme speeds 
approaching higher percentages of C (the speed of light). 


For the purposes of this book, we will assume that speeds will remain relatively slow and, 
consequently, drag will be a minor issue that can be addressed in hull design and materials 
without having to resort to excessive or exotic shielding solutions. Understanding that, let us take 
a look at propulsion systems available with today's technology. 


Chapter 10: Nuclear Propulsion Systems 


Nuclear power and nuclear rockets are generally accepted as the best candidates for 
interplanetary and interstellar travel. In this chapter we review past designs and tests (1959- 
1964); examine the current state of the technology; and provide a glimpse at developing 
technology that could be available in 20 years or less. 


There are three fundamental approaches to nuclear propulsion, nuclear thermal rockets, nuclear 
electric rockets, and nuclear pulse propulsion. Nuclear rockets are a bit of a twist on standard 
rocket propulsion that uses a nuclear reactor to heat a propellant that is then ejected under 
pressure, just like any other rocket engine. Examples of this type of engine include hydrogen 
plasma rockets, while nuclear electric rockets use plasma jet, arc jet, and ion thrusters. In the 
case of the former, the propellant is generally liquid hydrogen (LH,) and in the latter an inert gas 
(usually Argon or Xenon) generates the plasma using electrical, magnetic or microwave energy. 
Hydrogen plasma rockets have comparatively lower specific impulses (1,,) than Ion thrusters, but 
higher levels of thrust. Ion rockets on the other hand, have comparatively high I, but low thrust. It 
is important to remember that I., is a measure of fuel efficiency (roughly equivalent to miles per 
gallon in gasoline engines), while thrust is a measure of force created by the engine in question 
(think of it as the horsepower rating of a gasoline engine coupled with the gear ratio that 
determines how fast you can go from 0 to 60 mph). That relates to spacecraft velocity in the same 
way it does to track speed of a vehicle when one considers the force and mass ratios. The higher 
the thrust of the engine and lower the mass of the vehicle, the higher the obtainable speed 
(velocity). The difference in efficiency and velocity between the standard nuclear engine and the 
ion thruster finds its earthly parallel when comparing a high performance car like a Ferrari or 
Lamborghini to a hybrid family car like a Prius. Both will get you to your destination, but one is 
faster and needs a lot more fuel, while the other is slower and needs far less fuel. Both of these 
have useful application in long distance and duration spacecraft and, even though the nuclear 
rocket has a lower I,, than the ion rocket, it is still twice that of a chemical rocket. 


Nuclear rocket engines are not a new concept. The United States embarked on a program to 
develop workable nuclear rockets in the nineteen fifties under Project Rover. Investigation into 
the potential for nuclear rockets actually began in 1952 as a design project by the Los Alamos 
National Laboratory (LANL), which then evolved into Project Rover in 1955. In 1961, NASA’s 
Marshall Space Flight Center began incorporating nuclear thermal rockets into its mission plans 
in 1961, which planned to use a nuclear powered rocket from LANL to power a rocket stage ina 
1964 launch. Concerns regarding development and oversight of the project led to the formation of 
the Space Propulsion Nuclear Office (SPNO), a joint Atomic Energy Commission (AEC, later the 
Nuclear Regulatory Commission or NRC) and NASA office who subsequently tasked Aerojet and 
Westinghouse to develop the Nuclear Engine for Rocket Vehicle Application (NERVA). Over the 
years, several iterations of the nuclear rocket were produced and tested. Problems were 
identified and corrected, ultimately resulting in a workable design (see Figures 31 - 34). 


The NERVA engines all operated on the same basic concept, with modifications to address issues 
in earlier models. A compact reactor using fissile fuel (UO, or UC,) was used to provide the heat 
source with rotating control rods to regulate the criticality of the core (Figures 35 and 36). The 
control rods were made of beryllium and coated with boron. on one side. When the beryllium 
side was rotated toward the core, neutrons were reflected, allowing nuclear fission to proceed. 
When the boron coated side is rotated toward the core, it absorbed neutrons, reducing or stopping 
the nuclear fission, depending on how long it remained in place. Channels or tubes were 
interspersed in the core to prevent direct contact with the core's graphite matrix and provide a 
pathway for the hydrogen fuel from the fuel tank to the nozzle. The channels were coated with 
Niobium Carbide to prevent the corrosive effects on metals by the hydrogen. Turbo pumps moved 
from the hydrogen from the cryogenic tank to and around the nozzle via internal channels and then 
into the reactor pressure vessel prior to reaching the core. This allows the hydrogen, kept at 20? 
K (-423? F) in the cryogenic fuel tank to serve as the nozzle, reactor shell and reflector coolant, 
as well as warm the hydrogen prior to its being used as a fuel. Passing through the reactor core, 
the hydrogen fuel achieved chamber temperatures of between 1,500? and 2,400°K (depending on 
the engine model). It then was compressed in the forward portion of the nozzle and exiting through 
the bell at a slightly higher temperature (between 2,222? and 2,700? K (3,540? and 4,400? F), 
again depending on the engine model. The NERVA rocket engines achieved I,,s of between 780 
and 890 seconds and thrusts of between 204 and 296 (kilo Newtons) kN (45,861 - 66,543.5 
pounds of thrust). 


Compare this with a modern chemical rocket, the RS-25 (main Shuttle engine) that has an L, of 
366 seconds and a thrust of 418,000 pounds at sea level. While the thrust of the RS-25 is greater, 
it must be fed by both a fuel and an oxidizer, which adds a significant amount of weight to the 
vehicle. Nuclear thermal rockets, on the other hand require no oxidizer, since the "fuel" is simply 
superheated hydrogen and there is no combustion required. In addition, newer generation thermal 
rockets will likely be scalable, so appropriate thrusts can be achieved by either increasing the 
size or increasing the number, or both, of the rockets used 
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Figure 31. Schematic design of a nuclear rocket under the NERVA program. This drawing does not show the large fuel tank located 
above (to the left) of the turbopumps. Credit: NASA. 
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Figure 32. Relative sizes of LANL reactors/nuclear rockets. Credit NASA18 


Figure 33. The NERVA Experimental Engine (XE), an early nuclear rocket engine. Credit: NASA-Marshall Space Flight Center. 
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Figure 34. The KIWI B4B nuclear rocket engine on its test platform. Credit: LANL. 
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Figure 35. Core of the NERVA engine. Credit: NASA 
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Figure 36. Cross section of NERVA engine core (arcs on control rods represent Boron coating). Credit: NASA 


Nuclear electric propulsion (NEP) is not a nuclear rocket engine in the strict sense because the 
reactor is used to generate electricity, which in turn is used to accelerate ions or plasma that 
drives the spacecraft. These drives, however, do not provide high thrust, but they can be used to 
maintain or gradually increase the velocity of a large spacecraft. 


The ion or plasma is created via electrostatic (e.g., L-3 ETI’s XIPS - Xenon Ion Propulsion 
System) or electromagnetic (e.g, VASIMR). Electrostatic thrusters operate by injecting a 
propellant (Xenon or Argon gas) into the discharge chamber where they ionized by electron 
bombardment to form the plasma. This is accelerated by either an oscillating electrical field or an 
alternating magnetic field, then further accelerated by the potential differences between the first 
and second grids (screen and accelerator grids), Figure 36 is a schematic of the nuclear-electric 
power and propulsion system, Figure 38 shows the schematic configurations of nozzles for 
various types of electric thrust systems, and Figure 39 is a schematic drawing of how an ion 
thruster functions. There are a number of ion thruster configurations available, but NASA's 
Evolutionary Xenon Thruster (NEXT, Figure 40) is the record setter for continuous operation at 
5.5 years (48,000 hours) at various power levels without showing any signs of degradation. 


Figure 37. Schematic of Nuclear-Electric Power and Propulsion system. Credit: NASA.19 
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Figure 38. Electric thruster configurations. Credit: NASA.20 
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Figure 39. Schematic representation of how ion thrusters operate. Credit: NASA - Glenn Space Flight Center. 


Figure 40. NASA's NEXT during operational testing. Credit: NASA - Glenn Space Flight Center. 


Nuclear Pulse Propulsion (NPP) was initially proposed for Project Orion. It was designed to 
use small nuclear detonations, on the order of behind the spacecraft to literally push the craft to 
increasing velocities. While other propulsion methods are now favored, NPP remains a potential 
viable option for interstellar spacecraft, although they are not really practical for generation or 
colony ships due to the high thrust that would produce relatively high g factors in the spacecraft 
even with a damping (shock absorbing) system. Even with a damping system, g-forces of 2-4g 
were anticipated, making it tolerable for a human crew and cargo that was fully secured. 
Unsecured conditions for both cargo and crew anticipated on a generation or colony ship would 
be destructive. 


The advantage to NPP is very high thrust and I,,, which is difficult, if not impossible to achieve 
with any other type of propulsion. Detonating a nuclear explosion in space is less of a concern 
from a radiation standpoint when one considers that space itself is filled with cosmic radiation. 
Nuclear explosions on a minor scale, yields less than 0.1 and even up to 4.0 kilotons (KT), would 
add a negligible amount of radiation in space. The spacecraft itself, and any others proximal to it, 
would require proper radiation shielding for crew and cargo protection. 


The principle of NPP was fairly simple in concept. Nuclear bomblets (Figure 41) stored in a 
magazine complex are fed into a central tube and expelled through an aperture in the center of a 
pusher plate (Figure 42 is a schematic of the Orion showing the propulsion unit components). 
When a sufficient distance from the plate is reached the bomblet, configured as a shaped charge to 
produce a focused cigar-shaped wave of plasma, is detonated. The focused plasma wave strikes 
the pusher plate which propels the spacecraft. The damping system (Figure 43) absorbs a portion 
of the shock wave, reducing the impact on the crew and cargo, as well as, to a degree, the 
propulsive force. 


With a standard fission bomblet, it was estimated that an Orion spacecraft could reach speeds as 
high as 3-596 of the speed of light (0.03-0.05C). A variation on the nuclear bomblet theme 


proposed using a Teller-Ulam (Hydrogen bomb) device (Figure 44) that would enable the Orion 
to achieve speeds of 0.08-0.10C, double that of the standard fission device. Figure 45 is an artists 
conception of the Orion in flight. 
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Figure 41. Schematic of the Orion Nuclear Pulse Unit. Credit: NASA21 
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Figure 42. Schematic configuration of the Project Orion space craft showing the main components. Credit: NASA - Marshall Space 


Flight Center 
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Figure 43. Schematic of the damping (shock absorbing) system on the Project Orion spacecraft. Credit: NASA - Marshall Space 
Flight Center. 
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Figure 44. Schematic of a Teller- Ulam nuclear device. Public domain image. 


Figure 45. Artist's conception of Project Orion spacecraft in flight. Credit: NASA. 


Chapter 11: Chemical Propulsion Systems 


Chemical rockets are the oldest form of rocket propulsion. They are of two forms, solid and 
liquid fueled. Modern rockets (e.g., Space Shuttle and NASA's Space Launch System, SLS) 
often use both to escape to orbital velocity, employing reusable solid rocket boosters in 
conjunction with the main engine liquid-fueled rockets. 


Chemical rockets date from the thirteenth century when the Chinese used gunpowder as a solid 
rocket fuel. Although the device was simple, a tube capped at one end filled with gunpowder, 
mounted on a longer stick to stabilize it in flight. When the gunpowder was ignited, it burned 
rapidly, sending hot gas out of a constricted opening in the base of the rocket, propelling it in the 
opposite direction. The simplicity of the principle remains the same today. The only things that 
have changed are the sophistication of the design and the fuels used. 


Current chemical rockets are of two forms, solid and liquid fueled. Solid fueled rockets primarily 
are used as booster reusable rockets employed during the launch of large space vehicles such as 
the space shuttle and the Space Launch System (SLS) that will launch the Mars bound Orion 
spacecraft that completed its first space flight test on December 5, 2014. Liquid fueled rockets 
form the core of the heavy lift and in space propulsion systems on most launch systems today, 
although solid fuel rockets will certainly work in space since the oxidizer is mixed in the fuel. 


The solid fuel rocket, as noted in the introductory paragraph, began using black powder as a 
propellant. Today's solid fuel rockets use more complex chemical compositions that provide 
greater thrust. For example, the booster rocket fuel produced by Thiokol Corporation for the 
Shuttle SRBs is 69.6% Ammonium Perchlorate (the oxidizer), 16% aluminum and 0.4% iron 
(catalyst), with a polymer (e.g., PBAN, HTPB) as a rubbery binder. Figure 46 is a schematic 
representation of the Thiokol SRB”, Figure 47 is a photo of SRB assembly showing a section 
with the propellant combustion chamber segment (center hole), and Figure 48 provides a graphic 
of how solid rocket engines function to produce thrust. 
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Figure 46. Schematic of Thiokol Corporation's SRB. Credit: NASA. 


Figure 47. Assembly of the SRB, aft segment being attached to new segment. Black substance is the fuel with the center *hole" 
being part of the combustion chamber. Credit: NASA 
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Figure 48. Graphic representation of how a solid rocket engine functions. Credit: NASA - Glenn Space Flight Center. 


Once ignited, solid rockets cannot be shut down and restarted. The entire propellant package is 
ignited along a flame front is burned entirely in a single firing. The thrust is controlled by varying 
the granularity of the propellant imbedded in the rubbery matrix (which is actually a component of 
the total fuel) along its vertical axis so that thrust is not diminished as the propellant is consumed 
until it is all expended. In the SRB, approximately 1-million pounds of propellant is used to boost 
the primary stage of the rocket. The second and subsequent stages of the spacecraft are propelled 
by liquid fueled rockets. 


Liquid fueled rocket engines (LFREs) provide thrust for modern spacecraft in all stages (SRBs 
provide additional lift to the primary LFREs. Liquid propellants can be varied for LFREs, but all 
must have two components, fuel and oxidizer, to function. Most modern liquid rocket propellants 
are primarily liquid hydrogen (LH,) fuel and liquid oxygen (LOX) as the oxidizer, although other 
fuels and oxidizers are used, depending on the design of the rocket engine (see Fuels subsection). 
Basically the propulsion system functions in the following manner: fuel and oxidizer are stored in 
separate tanks, moved via turbo pumps into the combustion chamber where they are ignited either 
by an ignition source (e.g. electric spark) or by a hypergolic? reaction of the two components, 
flow through a choke point (the throat) that increases the pressure to its maximum, then expelled 
through the bell. LH,-LOX rockets operationally are somewhat more complex with the fuel and 
oxidizers passing through low pressure turbopumps, a preburner, and then high pressure 
turbopumps into the combustion chamber. The basic configuration of a liquid fueled rocket is 
shown in Figure 49. 
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Figure 49. Basic configuration of a liquid fueled rocket. Credit: NASA. 


Clustering multiple engines allows better thrust to weight ratios to be achieved (i.e., the more 


rocket engines the greater the rocket and payload weight can be launched). For example, the 
Space Shuttle used a cluster of three RS-25D engines. The RS-25 has proven to be one of the 
most reliable and long lasting reusable rocket engines in use. During the space shuttle program the 
engines were removed and completely refurbished prior to being used for subsequent flights. 
NASA currently has several RS-25 engines in storage ready for use (Figure 50). Figure 51 is 
schematic representation of the RS-25D Space Shuttle Maine Engine. Rocketdyne's F-1 rocket 
engine used to power the Saturn V during the Apollo program was a gas cycle rocket that remains 
the most powerful single-chamber liquid fueled rocket ever produced. It is still a viable design 
for use in space arks. Figure 52 shows the relative size of the Rocketdyne F-1 engine to a 5'9” 
human in a photo taken at the New Mexico Space History Museum in Alamogordo. A possible 
simpler and lower cost, but also less efficient rocket engine developed for NASA is the RS-68A 
(Figure 53). It is a LH,-LOX engine that has fewer parts than the RS-25, but never went beyond 
the testing stage due to the efficiency issues. 


Figure 50. RS-25D liquid fuel rocket engines in storage at NASA. Credit: NASA. 
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Figure 51. Schematic of the RS-25D Space Shuttle Main Engine. Credit: NASA. 


Figure 52. The Rocketdyne F-1 engine at Alamogordo's New Mexico Space History Museum. Credit: Steve McCarter, personal 
collection. 
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Figure 53. RS-68 being test fired. Credit: NASA. 


Methane Rocket Engines may well provide an excellent alternative propulsion system for space 
arks for two reasons. First, methane is relatively cheap and it can be stored indefinitely. Second, 
although the methane rocket engine has a specific impulse of only ~ 377 seconds, it has the highest 
performance of any rocket using fuels that can be stored indefinitely in space without suffering 
loss as does hydrogen, a smaller molecule that can leak through the storage tanks over time. What 
makes the methane engine especially appealing for use is the fact that methane is a natural 
byproduct of organic decay, which will occur on a space ark, and it can be readily captured and 
purified to replenish methane used in propulsion. In addition, liquid methane has been discovered 
to exist elsewhere in the solar system (e.g., Titan, Saturn’s largest moon) making it highly likely 
that it exists throughout the galaxy, indeed throughout the universe. In addition, methane burning 
rocket engines already exist or are in development, and, with a modicum of design ingenuity, it is 
likely most liquid fuel rocket designs can be modified to use a Methane/LOX bimodal propellant. 
The Russian RD-0124, built for the Soyuz 2 rocket, has been modified to use methane as a fuel 
and is undergoing testing. Elon Musk's SpaceX is developing a methane rocket engine (the Raptor 
Engine) based on their Merlin rocket engine. The raptor is reputed to be able to achieve 8,400 
kilonewtons (kN) of force or 1,888,395 pound force (Ibf). 


Fuels used in rockets, as noted earlier, are varied, depending on the engine designed for their 
use. Table 4% Provides a comparison of the various chemical propellants used in aerospace 
applications and their specific impulses as of 1958. 


Table 4. Specific impulse of some typical chemical propellants t 
Propellant combinations: IspRange 
(sec) 
Monopropellants ( liquid ): 
Low-energy monopropellants 160 to 190. 
Hydrazine 
Ethylene oxide 
Hydrogen peroxide High-energy monopropellants: 
Nitromethane 190 to 230 
Bipropellants (liquid): 
Low-energy bipropellants 200 to 230. 
Perchloryl fluoride-Available fuel 
Analine-Acid 
JP-4-Acid 
Hydrogen peroxide-JP-4 Medium-energy bipropellants 230 to 260. 
Hydrazine-Acid 
Ammonia-Nitrogen tetroxide High-energy bipropellants 250 to 270. 
Liquid oxygen-JP-4 
Liquid oxygen-Alcohol 
Hydrazine-Chlorine trifluoride Very high-energy bipropellants 270 to 330. 
Liquid oxygen and fluorine-JP-4 
Liquid oxygen and ozone-JP-4 
Liquid oxygen-Hydrazine 
Super high-energy bipropellants 300 to 385. 
Fluorine-Hydrogen 
Fluorine-Ammonia 
Ozone-Hydrogen 
Fluorine-Diborane 
Oxidizer-binder combinations ( solid ): 
Potassium perchlorate: 


Thiokol or asphalt 170 to 210. 


Ammonium perchlorate: 


Thiokol 170 to 210. 
Rubber 170 to 210. 
Polyurethane 210 to 250. 
Nitropolymer 210 to 250. 
Ammonium nitrate: 
Polyester 170 to 210. 
Rubber 170 to 210. 
Nitropolymer 210 to 250. 
Double base 170 to 250. 
Boron metal components and oxidant 200 to 250. 
Lithium metal components and oxidant 200 to 250. 
Aluminum metal components and oxidant 200 to 250. 
Magnesium metal components and oxidant 200 to250. 
Perfluoro-type propellants 250 and above. 


! Some Considerations Pertaining to Space Navigation, Aerojet-General Corp.. Special Rept. No. 1460, may 1958. 
Other liquid fuel alternatives (listed as of 1997) are provided in Table 5”. 


Table 5. Characteristics comparison of alternative fuels. 


Tank Temp Mixture Fuel Bulk 
Formula Ratio Dens. Dens. Tc 
K O2/Fuel kg nd kg ns K 

NON-HYDROCARBONS 
hydrogen, NBP 20H2 6.0 70 358 3610 
UDMH, RT 298 C2H8N2 1.6 786 972 3710 
ALKANES 
methane, NBP 112 CH4 3.0 423 801 3589 
ethane, NBP 184 C2H6 2.7 544 880 3671 
propane, NBP 231 C3H8 2.7 582 905 3734 
propane, 100K 100 C3H8 2.7 782 1014 3734 
butane, NBP 273 C4H10 2.6 573 894 3734 
RP-1, RT 298 C12H24 2.5 820 1026 3803 
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ethylene, NBP 169 C2H4 23 569 874 3888 . 366.9 


propylene, NBP 225 C3H6 23 611 903 3842 364 
1,2-butadiene, NBP 284 C4H6 2.1 645 914 3982 363.5 
1,3-butadiene, NBP 269 C4H6 2.1 614 893 3917 3594 
methylacetylene, NBP 250 C3HA 1.9 671 919 4034 366.9 


TABLE NOTES: NBT - Normal Boiling Point; RT - Room Temperature; Tc - Chamber Temp.; K 
- Kelvin; UDMH - Unsymmetric Dimethylhydrazine; RP-1 is kerosene. Fuel density is density in 
the fuel tank. Bulk density is the density of the propellant combination, with the stated mixture 
ratio and oxygen at a density of 1140 kg/m’. Isp values are theoretical values for 100:1 expansion 
into vacuum, and assume a chamber pressure of 20 MPa (approximately 2900 psi) - 
representative of high pressure high expansion ratio engines. 


Special Note: Hydrazine (DMH) alone is not inherently stable, therefore a 50-50 mix with 
UDMH, a much more stable form of the substance, lowers the high freezing point and reduces the 
decomposition rate of straight hydrazine, creating a storable hypergolic fuel that uses dinitro- 
tetroxide as an oxidizer. AeroZine 50, developed by the Aerojet General Corporation in the 
1950s has remained in continuous use since its development, primarily in the guided missiles 
such as the Titan II, but also in the Lunar Module and Apollo Command Service Module. The 
primary drawback to DMH/UDMH is its toxicity and corrosivity, which make it difficult and 
potentially dangerous to handle. 


Chapter 12: Solar Sails 


Once in the realm of science fiction and futuristic planners, solar sails of almost 
unimaginable size are possible with today's technology. In this chapter we examine the 
materials useful for the construction of solar sails, the maneuvers that must be performed to 
take advantage of solar winds for acceleration, and the speeds reasonably attainable using 
those maneuvers. 


Solar sails offer the potential for propellantless propulsion. Using ultra-strong and ultra-light 
materials sails of truly immense proportions are possible. The principle is as old as sailing 
vessels that harnessed the wind to drive them forward, only solar sails use solar winds to 
accomplish it. Solar sails can be constructed to be steerable, using variable steering vanes to 
adjust attitude. Even though the rate of acceleration for solar sails is extremely small, it is 
constant, unlike rocket engines that can achieve high acceleration until their fuel is expended, 
whereupon the velocity of the craft remains constant. The constant, but very low acceleration 
allows spacecraft using solar sails to reach very high velocities over time. 


Figure 54. An artist's concept of a sailing ship and a solar sail. Credit: Science(9 NASA. 


On January 20, 2011, NASA successfully deployed a solar sail on a nanosatellite called 
Nanosail-D that was carried as a payload aboard their small Fast Affordable Scientific and 
Technology Satellite (FASTSAT). Launched into low earth orbit (LOE) on November 19, 2014 to 
demonstrate and test the deorbiting capabilities of a large low mass high surface area sail, it was 
NASA's first solar sail in space. The sail itself occupied a space smaller than a breadbox prior to 
deployment (Figure 55) and occupied an area of 100 square feet when deployed (Figure 56). It 
flew for 240 days, successfully completing its mission, and was incinerated in the atmosphere 
upon reentry on September 17". 


Figure 56. The Huntsville-based NanoSail-D team stands with the fully deployed sail. Credit: Science NASA. 


Interest in solar sails is by no means confined to United States' interests. Japan successfully 
deployed its solar sail, Interplanetary Kite-craft Accelerated by Radiation Of the Sun (Ikaros) in 
June 2010. The sail is taking the spacecraft to Venus and also is scheduled to go around the sun. 
The Planetary Society, Cosmos Studios and Russian Academy of Science made two sail testing 
attempts: in 2001, but neither succeeded because the launch rockets failed. Further research and 
tests are planned by the Planetary Society. The European Space Agency, ESA has plans on the 
drawing board for a deorbit sail (Gossamer). 


Until it was canceled in October 2014, NASA, in association with L Garde Corporation and with 


participation by the National Oceanographic and Atmospheric Administration (NOAA), had 
planned to test a large, steerable solar sail in space. Known as Sunjammer, in honor of the story 
by Arthur C. Clarke, the plan was to launch a spacecraft (LightSail-1) aboard the SpaceX Falcon 
9 launch vehicle, and deploy the 1,200 m? sail to test maneuverability and collect scientific data. 
The sail, made of DuPont Kapton®, an extremely thin, strong, and durable material, at slightly 
more than 110 pounds, weighs ten times less than the largest sail ever flown in space, and it fits 
into a space the size of a washing machine. Given LightSail-1's mass of approximately 4.5 kg and 
an expected light sail thrust of 0.01 N at the Earth-Sun L, Lagrangian point, it could be expected 
to achieve a maximum velocity of 25.806 km/second or 57,726.38 mph. 


For those interested, the calculations used to arrive at this figure are given below. 
f[0.01 N] R^*dr- 
| (1 A.U. — 1,000 A.U.): -0.01N R? 
= [-0.01/1000 - (-0.01/1)] [1.5 x 10!!] N 
5 {[-0.01/1,000] [1.5 x 10!]) — {[-0.01/1] [1.5 x 10! ]3 
-[1.5 x 10°] J - (-[1.5 x 10?]J) = 1.4985 x 10°J 
Given the spacecraft has a mass of 4.5 kg and the kinetic energy formula is KE - (1/2)(m)(v?) 
we find that: 
v = [(2)(KE)/m]'”? ={[(2)[1.4985 x 10?J]/[4.5 kg]}!* = 25,806 meter/sec = 25.806 km/sec. 


Almost all of this kinetic energy can be obtained over a distance of a mere 5 A.U. 
acceleration path. 


Now, the formula for barycentric gravitational acceleration for a point in space is: 

g = [GM/(r’)] r 

where G, M, r, and r are respectively: the gravitational constant; the mass of the attracting 
object; the distance between the distances between the gravitational center of masses 
between the two objects; and the radial unit vector oriented in the direction of the 
accelerated object. 

So, g in this case is equal to: 

g = ([6.673x10^!! N-(m/kg)^][2 x 10°° kg]/{[1.5 x10" meters]?}}r = 5.93155 x 10? nys*. 
Recalling that F = ma, we find that the attractive force on the probe by gravity is: 

{[5.93155 x 10? nys?](4.5 kg)} = 0.0266920 N > 0.01 N. 


However, since the probe is already traveling at Earth orbital velocity, any energy gain achieved 
by the Sunjammer sail can be translated into additional kinetic energy to assist the probe in 
leaving the solar system. This is accomplished by tacking, in much the same way a sailing vessel 
harnesses a downwind or an oblique wind force. A partially sideways tacking (with respect to the 
sun centered radial coordinate) will enable the probe to achieve a much higher energy state with 
respect to the Sun and to eventually leave the solar system. 


Of course increasing the mass specific thrust force of the sail by reducing its areal density by 10 
fold would provide about 4 times more radial thrust than gravitational attraction. There is 


absolutely no reason why the probe could not tack even at 1,000 A.U. from the Sun which is on 
the order of 30 times the distance of Pluto from the Sun. Such a sail could continually tack 
sideways until it left the effective pull of the Sun, perhaps beyond the Kuiper Belt. A 4.5 kg probe 
could attain low end relativistic velocities if the sail could gradually be expanded at a rate 
proportional to the inverse distance squared from the Sun. Using a graphene net with one 
nanometer wide fibers in a cross-weave where parallel fibers separated by 100 nanometers 
should enable relativistic existing velocities when gradually unfolded. 


For example, assume the 4.5 kg probe as usual. Considering the latter scenario over a distance of 
1,000 A.U., the probe would acquire a kinetic energy of [(0.01)(1,000)(1.5 x 101')] N-m = 1.5 x 
10” J. 


Using the Kinetic Energy formula as above, we find that: 
v = [(2)(KE)/m]'? -([(2)[1.5 x 1079J]/[A4.5 kg]) ^ =3,674,234 m/sec = 3,674.234 km/sec. 


The probe sail would experience drag but at a level perhaps only 1 percent of what a monolithic 
sheet of the same plan-form area would experience. 


These principles apply to any size of spacecraft, the only proviso being that the area of the sail 
must remain similarly constructed and proportional to the mass of the spacecraft. 


While the Sunjammer solar sail is constructed of Kapton®, that is by no means the only material 
option for sails. There are others, which will be presented for consideration and described more 
fully in the materials section of this book. 


Solar sails need not be restricted to forward propulsion of a spacecraft. They can just as 
effectively be used to assist in braking if deployed opposite the direction of travel. This can be 
extremely useful for slower moving space arks, since the braking assistance from rearward 
deployment of a single or multiple sails when approaching a star with potential habitable planets, 
as in acceleration, uses the solar wind and requires no other propellant to decelerate the craft. 
This makes deployment and recovery of solar sails for reuse extremely important for these 
vessels. While research and testing remains to be done on solar sails, the materials and 
technology to design and build large sails exists today. It is a matter of refining sail and 
deployment designs and applying them to a large spacecraft. Like other impediments to long- 
distance/duration manned missions, a lack of urgency translates into low funding and slow 
progress. 


Chapter 13: Multimodal and Multiphased Propulsion 


Single mode propulsion systems can fail, stranding a spacecraft and casting it adrift. To 
avoid this, auxiliary and redundant systems must be available to space arks. Here we 
consider which of the heretofore described propulsive methods provide the best chance for a 
successful mission and the logic for such assumptions. 


While many rocket designs for intergalactic and interstellar missions propose a single source of 
propulsion, we believe that a spacecraft with multimodal propulsion will stand a far better 
chance of success by enabling propulsive redundancy and taking advantage of fuels encountered 
in space, on moons, or on planets, as well as the solar winds generated by the stars. This will 
allow the crew to use various forms of propulsion in a phased approach, gradually driving the 
spacecraft to increasing velocities, while keeping g-forces to maximum of 2g, well within the 
comfort zone for human beings. It also will facilitate braking as well as throttle up whenever the 
craft approaches potentially habitable zones in other solar systems. 


Other considerations are equipment maintenance, conservation and replenishment of resources, 
and conversion of wastes to propellants. Each of these is important in a deep space mission 
where the crew and passengers cannot rely on any terrestrial source of resupply. The spacecraft 
must be autonomous, capable of its own repairs and sustaining life indefinitely. Having multiple 
systems available means that one or more systems can undergo maintenance while the operable 
system maintains some level of acceleration. Propulsive redundancy gives flexibility to respond 
to situational events, and wise use of onboard resources is mandatory for survival. 


It goes without saying that nuclear rockets provide the best option for accelerating a large 
spacecraft. We favor thermal nuclear rockets that eject a high thrust plasma over thermal-electric 
ion drives, or chemical rockets for the primary propulsion system. The reason is quite simple: 
high thrust with reasonable fuel efficiency - moderately high specific impulse (I,,). In addition, 
there are proven nuclear rocket engine designs available, making them fairly obtainable within a 
reasonable timeframe (e.g., the Kiwi B4B). 


Presuming solar sails have reached the level of technology necessary within ten or so years, a 
deployable and recoverable sail can be used in an initial drive and fry (Oberth) maneuver around 
the sun at a distance equivalent to Mercury's to aid in the first phases of spacecraft acceleration 
using both the gravitational force of the sun and the solar wind. Once distant from our sun, the sail 
can be recovered and stowed until another opportunity for such a maneuver arises at some distant 
star. As noted earlier, solar sails provide essentially free propulsive force with absolutely no 
outside fuel requirements, making them highly efficient with a constant acceleration even at 
extremely low thrust levels, and they can be deployed for braking maneuvers. 


The nuclear electric system can be started to power the ion drive (e.g, NASA's NEXT) and 
phased in after initial acceleration by the thermal nuclear rocket, the Oberth maneuver, and loss of 
thrust on the solar sail (due to distance from the Sun) for long term, constant acceleration. 
Additionally, any surplus electrical power can be used for the spacecraft's needs. 


Chemical (e.g., Methane) rockets can provide auxiliary or emergency power and provide a 
method for preserving and using methane that will be produced by organic wastes and surplus 
oxygen that is likely to be produced by crop growth in the agricultural chambers of the craft, 
rather than venting them to space. Systems to recover methane and oxygen and compress them are 
well developed and incorporating this equipment in the spacecraft should present no technical 
problems. It is simply a matter of careful design to incorporate these systems along with all other 
subsystems necessary to operate a large complex spacecraft. 


Each of these factors will be taken into consideration as we discuss construction of a space ark 
later in this book. For now, let us move on to review the current technology of ordinary and 
advanced materials that will be necessary in building our spacecraft. 


SECTION TWO: MATERIALS FOR 
INTERPLANETARY/INTERSTELLAR 
SPACECRAFT 


Chapter 14: Introduction to Materials for Space Arks 


Science fiction and futurists propose many exotic materials for interstellar spacecraft, some 
realistic and being researched, some pure fantasy. In this section we examine only those 
materials currently available or anticipated within the next ten years. This introduction 
delineates the basic goals and requirements for those materials. 


Construction of interstellar spacecraft requires many different materials, each with specific 
criteria for its intended use, depending on the application and system or subsystem on the 
spacecraft. Key considerations for material usage, no matter what the application, are strength, 
durability, and weight. Strength is important when considering the potential forces that may act on 
an individual part or the spacecraft as a whole. Durability is a critical factor since, even though 
the spacecraft must have the capability to manufacture new parts and replace worn ones, having 
durable parts means a lowered need for materials and reduced time requirements for manufacture, 
replacement and general maintenance during the mission. While built in obsolescence so common 
in today's consumer goods is not an option in a spacecraft, materials never-the-less will wear out 
over time. The useful life of various materials can and must be calculated to schedule preventive 
maintenance and replacement timing. Weight is an obvious consideration because the lower the 
overall weight of the spacecraft is, the lower the thrust and, thus, fuel requirement. There are 
multiple other considerations that must be taken into account for specific material applications, of 
course, and we will present some of those in the following chapters. 


NASA has listed its top ten challenges for materials and manufacturing applicable to space travel, 
and they are generally recognized as those central to deep space travel (see Table 6). 


Table 1. Summary List of Top Technical Challenges 
Challenge (Discipline) Description 


1. Radiation Protection (Top Challenge) Radiation protection will requirethe blend of new multifunctional materials and design and 
unique manufacturing processes 


2. Reliability (Top Challenge) Reliability issues and solutions are truly cross cutting. New technologies will include, (a) Physics 
based performance modeling (understanding damage/failure mod es), (b) Advanced certifica- 
tion methods (design, materials, manufacturing, (c) Sustainment technologies (environment and 
health monitoring, repair) 


Advanced Materials (Material 9* Develop and utilize new materials for specific applications (laminate, extrerne environment, heal- 
ing, sensory, MMOD, etc.) 


4. Computational Materials (Material s)* Mature computational materials technologies for effectivelow-cost materials and design and 
physics-based certification/sustainment methods 


5. Multi-functional Structures Gtructures)* Develop robust s desca te structures that are multifunctional (lightweight, insulating, inflatable, 
protective (radiation and micrometeoroids and orbital debris (MMOD)), inspectable etc) 


6. Virtual Fleet Leader (Structures)* Develop first-of-a-kind methodologiesfor virtual fleet leader real time reliability. Refer to Execu- 
tive Summary 

7. Mechanisms for extreme environments (Mech. Sys)* f Highly (predictive performance) reliable mechanical systems for extreme environments will be 
required for deep space and long duration missions 


8, Precision deployables (Mech. Sys.)* Preasion deployable mechanisms arenecessary to enable large observatories 


9. Advanced manufacturing process technology When realized, improvements will fundamentally changehow products areinvented and manu- 
(Manufacturing)y* factured 


10. Sustainable manufacturing (Manufacturin g)* Sustainable manufacturing is transformational for manufacturing of products that minimizes 
negative environmental and economic impact s (ag ency/national competitiveness) 


11. Urban Infrastructure (NAE)** Sustainment methodology (self-healing, sensory, structural health management, hydrogen 
containment, etc.) 


12. Solar Energy** New materials will be developed for highly efficient solar power 


13. Building a Smarter Planet (BM)** Practical applications of virtual methods for MSMM multi-disciplinary lifecycle will be directly ap- 
plicable to every day applications 


*These discipline related technical challenges are not prioritized 
**These are three national challenges that parallel M$MMtechnical capabilities 


Table 6. NASA’s Materials and Manufacturing Top Ten Challenges26 


When we talk about strength and durability, what we are really discussing is the resistance to 
stresses. In the engineering world, stresses are generally classified in one of six categories: 
residual stresses, structural stresses, pressure stresses, flow stresses, thermal stresses, and fatigue 
stresses. Residual stresses are those left by the manufacturing process itself. For example metals 
can have residual stresses from casting, rolling, and welding, among others. Structural stresses 
are those created by the physical weight borne by the material. Pressure stresses are the result of 
internal pressures that act as the load on the material (e.g., pressurized vessels). Flow stresses 
are those created by the action of a dynamic fluid on the inside of a conduit (e.g., water lines), 
which can vary with changes in fluid pressure. Thermal stresses exist where temperature 
gradients are present in a material and subject it to expansion and contraction (e.g. heating and 
cooling). Fatigue stress is due to the cyclic application of a particular stress or combination of 
stresses (e.g., thermal cycling, mechanical vibrations, cyclic loading, etc.). 


These manifest as applied stresses in relation to a shear line in the material as tensile, 
compressive or shear. Tensile and compressive stresses are perpendicular to the shear line, 
although in opposite directions from one another, while shear stress is parallel to the shear line. 
Low tensile strength can elongate a material under stress, creating weak spots that will eventually 
fail. Low compressive strength can result in plastic flow, bending, cracking, or crushing of a 
material under stress. Poor shear strength can result either in bending, ripping or severing of a 
material under stress. Figures 57 and 58 provide graphic examples of these stress factors and 


their effects in materials lacking in strength. 


Structural components must be of sufficient strength to survive the stresses of spacecraft 
acceleration, pressure differentials created by interior pressure systems and the vacuum of space, 
the centripetal forces encountered when rotating habitat and working areas to produce artificial 
gravity, and vibrations resulting from internal mechanical sources. 


A space ark hull will be multilayered and multifunctional. First, it must protect against impacts 
such as micrometeoroids. Second, it must protect the crew and passengers from cosmic radiation. 
Third it must be an insulator against both extreme heat and extreme cold without being 
compromised by rapid changes in temperature. Fourth it must have access to the outside 
environment for extra-vehicular activities (EVAs), docking facilities for small exploratory or 
scout craft, planetary landers, etc., and it must have launch access ways for probes. The latter two 
will require reliable doors or hatchways and airlocks that are sealable and do not diminish the 
structural integrity of the hull itself. 


ES 


Tensile Compressive Shear 


Figure 57. Types of applied stress. 


Tensile Compressive Shear 


Figure 58. Effects of applied stress. 


In the ensuing chapters discussing materials, we assume that all rigid structures used in 
superstructure and hull construction will be either special metal alloys or composite materials or 
both. Shielding from cosmic rays, the CMBR, and nuclear power and propulsion equipment will 
require conventional and non-conventional materials. Fuel tanks, like other rigid or semi-rigid 
structures will use both metal alloys and composite materials. Sensors and electronics will use 
conventional and cutting edge technologies, such as nano-technology, to make printed circuits and 
connecting transmission lines. Special consideration will be given to materials used to construct 
agricultural and manufacturing/maintenance modules, with a summation of all currently available 
materials and their application to various parts of spacecraft construction. 


Chapter 15: Metals for Space 


Different metals and metal alloys have different applications in constructing a spacecraft, 
and a space ark will require a variety of metals in its construction. Lightweight, but high 
strength metals find use in both the superstructure and hull of such a spacecraft, while 
specialty metal alloys are used in the construction of nuclear reactors, cryogenic piping, and 
heat shielding. Rare earth metals are important components of sophisticated electronics, 
although graphene may supplant some of their uses in the near future. In this chapter we 
review critical metals required and their applicability for spacecraft construction. 


Metals and metaloids make up the majority of the elements on Earth (Figure 59). They have 
formed the basis of much of the manufacturing industry ever since the invention of forges and 
smelting techniques. They are generally strong, malleable and ductile (meaning they can be cast 
rolled, pounded drawn and extruded into a variety of shapes), conductive, and typically have high 
melting temperatures. 
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Figure 59. Periodic Table of the Elements. Credit: Los Alamos National Laboratory. 


e Alkali metals. The alkali metals make up group 1 of the Table, and comprise Li through Fr. 
They have very similar behavior and characteristics. Hydrogen is group 1 but exhibits few 


characteristics of a metal and is often categorized with the nonmetals. 


e Alkaline earth metals. The alkaline earth metals make up group 2 of the periodic table, from 
Be through Ra. The alkaline earth metals have very high melting points and oxides that have 
basic alkaline solutions. Their characteristics are well described and consistent down the 


group. 

e Transition metals. The transition elements are metals that have a partially filled d subshell 
(CRC Handbook of Chemistry and Physics) and comprise groups 3 through 12 and the 
lanthanides and actinides (see below). 


e Post-transition metals. The post-transition elements are Al, Ga, In, Tl, Sn, Pb and Bi. As 
their name implies, they have some of the characteristics of the transition elements. They tend 
to be softer and conduct more poorly than the transition metals. 


e Metalloid (or *semi-metal" or “poor metal"). The metalloids are B, Si, Ge, As, Sb, Te, 
and Po. They sometimes behave as semiconductors (B, Si, Ge) rather than as conductors. 


e Lanthanides. The lanthanides comprise elements 57 (lanthanum, hence the name of the set) 
through 71. They are grouped together because they have similar chemical properties. They, 
along with the actinides, are often called "the f-elements" because they have valence 
electrons in the f shell. 


e Actinides. The actinides comprise elements 89 through 103. They, along with the 
lanthanides, are often called “the f-elements" because they have valence electrons in the f 
shell. Only thorium and uranium are naturally occurring actinides with significant abundance. 
They are all radioactive. 


e Nonmetals. The term “nonmetals” is used to classify the elements H, C, N, P, O, S, and Se. 


e Halogens. The halogen elements are a subset of the nonmetals. They comprise group 17 of 
the periodic table, from F through At. They generally very chemically reactive and are 
present in the environment as compounds rather than as pure elements. 


e Noble gases. The noble gases comprise group 18. They are generally very stable chemically 
and exhibit similar properties of being colorless and odorless.” 


While some elemental metals are used, it is far more common for metal alloys to be used due to 
their enhanced properties. Alloys are partial or complete solid solution of one or more elements 
in a metallic matrix. There are literally thousands of metal alloys in existence, and a potentially 
infinite number of alloys possible. Appendix B provides a list of common commercially 
available alloys. However, various metals and their alloys have emerged as crucial to 
constructing spacecraft. Among them are aluminum, beryllium, chromium, lithium, titanium, iron 
(steels), and nickel and their alloys. Some metals. such as lead and boron, are effective in 
radioactive shielding and regulation of fission. Others, like the rare earth Lanthanides and 
Actinides (radioactive) are critical to communications, electronics, and nuclear power. Tungsten 
alloys enable the physical size of components to be reduced, offering greater aircraft 
balance/ballast weight distribution. Machineable high-density tungsten alloys offer excellent 


stabilization properties, providing vibration dampening and ballast capabilities at a reduced size. 


Aerospace aluminum alloys, particularly Al-Ti (or Ti-Al), with composite antierosional coatings 
along with titanium longerons are important in constructing the superstructure of spacecraft. The 
primary reasons for this are aluminum's light weight and availability coupled with the structural 
strength contributed by titanium alloy materials and titanium longerons. Super alloys, such as 
aluminum-beryllium (Al-Be) offer excellent properties of tensile strength, a high elasticity 
modulus, resistance to neutron penetration, electrical conductivity, and excellent thermal 
properties that make them useful as a heat sinks. Antierosional coating of aluminum parts is 
critical to extending the life of the aluminum. New alloys of aluminum and lithium offer even 
lighter materials without sacrificing structural strength. 


Ferrous metal (e.g., steel) alloys are used in fasteners, piping applications (particularly stainless 
steel), nuclear reactors (especially Hastelloy-N and its derivatives that use niobium or titanium to 
prevent corrosion in Molten Salt Reactors), gears and bearings, among other applications. Some 
of the common applications of stainless steel in the aerospace industry are in the fabrication of 
exhaust collectors, stacks and manifolds, structural and machined parts, springs, castings, tie rods, 
and control cables. High carbon steels are used in strength and load-bearing applications. 
Chrome-molybdenum steel and Inconel, a nickel-chromiunriron alloy closely resembling 
stainless steel (corrosion resistant steel, CRES) are very high strength materials often used high 
fatigue (e.g., hydraulic systems, engine components, etc.) and in high temperature applications. 
While the increased weight of ferrous metals is a disadvantage in spacecraft construction, often 
the benefits are more important than weight considerations. This is especially true for spacecraft 
constructed in space where escape velocities require far less energy than vehicles launched from 
Earth. 


Titanium is used both in pure and alloy formulations due to its lower weight, high strength, 
corrosion resistance, and tolerance to elevated temperatures. Because of its high strength to 
density ratio it provides a high structural efficiency at roughly half the weight of steel, nickel, and 
copper alloys. It is exceptionally resistant to corrosives such as chlorides and oxidizing acidic 
media due to a thin oxide film (usually TiO,) that is extremely stable and self healing; and it is 
non-magnetic, making it ideal for protecting electronics. These are all important characteristics in 
spacecraft construction. Some of the Titanium- Aluminum alloys used in the aerospace industry, 
their characteristics, and commercially available forms are provided in Table 6. Because of its 
high strength and low modulus of elasticity, titanium is an ideal material for use as stiffening 
longerons in superstructure construction and relatively light weight, impact and heat resistant hull 
skins. Titanium is also employed in high strength composites, which will be discussed in the next 
chapter. 


Material Material Characteristics Available Forms Application 
Designation 


Extra low interstitial version of Ti-5AJ-2.5Sn exhibiting an excellent Ingot/Bloom, Bar, | Cryogenic tanks and vessels to 
combination [of toughness and strength at cryogenic temperatures. Billet -255°C 


Ti-6Al-AV Heat treatable, high-strength, most commercially available Ti alloy for use | Ingot/Bloom, Bar*, | Most commonly used alloy for 
(Grade 5) up to 400°C offering an excellent combination of high strength, Billet, Plate, Sheet, | aerospace applications. 
[Ti-6-4] toughness, and ductility along with good weldability and fabricability. Seamless Pipe, Multiple applications from 


Ti-6Al-4V 
ELI (Grade 
23) [Ti-6-4 
ELI] 


Ti-6Al-2Sn- 
2Zr-2Mo- 
2Cr-0.15S 
[Ti-6-22-22] 


Ti-4.5A1-3V- 
2Mo-2Fe 
[SP-700] 


Ti-3A1-8V- 


Extra low interstitial version of Ti-6AI-4V offering improved ductility and 
fracture toughness. Typically used in a non-aged condition for maximum 
toughness. 


Heat-treatable, high strength Ti alloy with strength and fracture 
toughness to-strength properties superior to those of Ti-GAT-AV, with 
excellent superplastic formability and thermal stability. 


Heat-treatable, high strength Ti alloy with superior strength and 
exceptional hot and superplastic formability compared to Ti-6A1-4V, 
combined with good ductility and fatigue resistance. 


A heat-treatable, deep section hardenable, very high strength Ti alloy, 
possessing good toughness/strength properties, low elastic modulus 
and elevated resistance to stress and localized corrosion in high 


Wire, Seamless 
Tubing*, Foil* 


Ingot/Bloom, Bar*, 
Billet, Plate, Sheet, 
Wire, Seamless 
Tubing*, Foil 


Ingot/Bloom, Bar*, 
Billet, Plate, Sheet, 
Wire 


Ingot/Bloom, Bar*, 
Billet, Plate, Sheet 


Ingot/Bloom, Bar, 
Billet, Seamless 
Pipe, Wire 


structural to electronic 
housings to specialty parts. 


Use in air and saltwater 
environments, and excellent 
toughness, strength, and 
ductility in cryogenic service 
as low as -255?C. 


For use in applications 
requiring very high strength 
(e.g., longerons) 


Same applications as Ti-6Al-AV 


Used in environments requiring 
high strength and heat and 
corrosion resistance. 


[Ti Beta-C] 
(Grade 19) 


temperature sweet and sour brines. Approved for sour service under the 
NACE MR-01-75 Standard. 


Table 7. Titanium- Aluminum alloys used in the aerospace industry. 


Precious metals are also used in the aerospace industry. Gold is used in circuitry due to its 
conductive and reflective properties (reduces effects of radiation) and as a lubricant where 
organic lubricants would break down due to radiation exposure. Palladium and platinum are used 
in electronics (principally in capacitors), catalytic conversion applications, electrical spark 
generators, and anodes and cathodes. Silver (as an electroplate application to steel) is used in 
bearings and other wear surfaces due to its superior fatigue resistance, lubricity, corrosion 
resistance, and thermal conductivity. 


A final, but extremely important consideration is that metals are abundant in the universe. 
Potential for mining asteroids, moons, and planetary bodies, for example, is already being 
considered, making the possibility of manufacturing metals in space a real possibility. In fact, 
manufacture of metal alloys in the vacuum of space may provide distinct advantages over 
terrestrial methods. Space arcs, however, will not rely on metals alone. The rapid advance of 
light weight, high strength composite materials for many applications is providing the aerospace 
industry with viable alternatives to metal technologies. 


Chapter 16: Composite Materials 


Space age composites offer some extremely strong and lightweight alternatives to metal 
construction. Here we offer a brief introduction to these materials, their composition, and 
application in building spacecraft. 


The DoD Composite Materials Handbook defines Composite Material as follows: “Composites 
are considered to be combinations of materials differing in composition or form on a 
macroscale. The constituents retain their identities in the composite; that is, they do not 
dissolve or otherwise merge completely into each other although they act in concert. Normally, 


the components can be physically identified and exhibit an interface between one another?" 


Composite Materials generally use epoxies of various compositions as a structural medium 
laminated with fiber reinforcement (metal matrix composites - MMCs are exceptions), offering 
extraordinary strength and flexibility in a low weight to mass package, while maintaining their 
integrity in temperatures as high as 500?C. Composite materials are formed by combining 
dissimilar materials together (usually in a laminate structure) to form a material with superior 
properties to the individual components. Figure 60 provides a schematic representation of how 
composites are formed. 
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Figure 60. Schematic of composite material layup. Creative Commons illustration. 


Composites are highly resistant to impacts and chemicals, and they don't corrode or erode like 
metals. This makes them ideal for protection against micrometeoroids and the heat transmission. 
In addition, they have low electrical conductivity, making them highly suitable for wiring and 
electrical equipment insulators. The resins are typically polyamides-imides and the fibers may be 
glass, carbon, or boron. On the downside, composites tend to garner static electricity and UV 
light will degrade them. This can be ameliorated by applying special treatments or coatings. 
Figure 61 provides a listing of the fiber systems and matrix materials of some common composite 
materials and Figure 62 is a graph of the relative tensile strengths of various materials compared 


to carbon nanotube fibers. 
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Figure 61. Composite fiber systems and matrix materials.30 
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Figure 62. Comparative strength of engineering materials for space construction. Credit: NASA. 


Metalized thin film constructs, particularly polyimide (PI) film metalizations such as Kaplon®, are 
tough, lightweight materials that are used in space electronics, antennae and solar sails, among 
others. Metalized films are essentially metal coated plastics typically produced by one of three 
methods: vacuum metalization (physical vapor deposition), arc and flame spraying, or plating. 
Arc spraying uses an electric arc to melt the metal. Basically an electric current is passed through 
a pair of wire electrodes creating an arc which melts the wire which is then forced into a spray 
by a compressed gas to create a rather thick and porous coating on the plastic substrate. The only 
difference in flame spraying is that a combustion flame is used to melt powdered metal, which is 
then forced into a spray by a compressed gas. Plating can be done either by electroless or 
electroplating methods. One example of a metalized film used by the general public is a space 
blanket, which was developed by NASA in the early 1970s. Another is in the form of window 
tinting films. 

The high strength to weight ratio, coupled with the other properties described will continue to 
make composites an important part of spacecraft design. New nanotechnological developments 
and polymer chemistries (for example Polymeric Liquid Crystal or PLC resins) that enhance the 
properties and lower costs of composites will ensure they continue to play an important part far 
in the future. 


Metal Matrix Composites are made by incorporating dispersed reinforcement into a metal 
matrix so that, unlike other “laid up” composites, the resulting material is monolithic. Aluminum 
with carbon fiber reinforcement is one of the more common MMCs. The carbon fibers, however 
must be treated prior to incorporation with nickel or titanium boride to prevent formation of a 


water soluble compound Al,C, that would cause degradation of the MMC. Titanium and 
magnesium are also used to create MMCs. MMCs are generally lighter and stronger materials for 
structural support. In high temperature applications, cobalt and cobalt-nickel alloy are commonly 
used to form the matrix. MMCs generally are produced by three processes; high pressure 
diffusion bonding, casting, and powder metallurgy techniques. Some of the current applications 
for MMCs on spacecraft are tubular struts used as the frame and rib truss members in the mid- 
fuselage section, high-gain antenna booms, with possible application for discontinuously 
reinforced aluminum (DRA) composites as reinforcing joints and attachments for trusses, 
longerons, electronic packages, thermal planes, mechanism housings, and bushings. MMCs can be 
joined via several methods (Figure 63). For a more complete discussion of MMC applications in 


space, see  http://www.tms.org/pubs/journals/jom/0104/rawal-0104.html, Metal Matrix 
Composites for Space Applications by Suraj Rawal. 
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Figure 63. MMC Joining methods.31 


Ceramics used in aerospace applications, while not strictly meeting the definition, are a form of a 
composite material in that many, though not all, use fibers, chiefly carbon or other aramid fibers, 
for reinforcement. Ceramics are tough and heat resistant, making them ideal for applications such 
as heat shields and fire protection. As with composites, these are relatively light weight 
materials, which is, as previously mentioned an important factor in spacecraft design. They share 
with composites properties of anticorrosion, chemical inertness and strength. They can range from 
opaque to completely transparent. Their ability to conduct electricity makes them useful for a 
number of applications, such as deicing windshields in air- and spacecraft. Other practical 
applications for ceramics include thermally resistant coatings for exhaust nozzles, ceramic 
bearings, and heat and corrosion resistant coating on various moving and non-moving parts. 


Machineable Glass Ceramics (MGC) withstand temperatures up to 1,000? C, have zero porosity, 
do not outgas (important consideration in spacecraft interiors), and can be shaped with ordinary 
metal working tools to tolerances of 0.0005". MGC can be joined to itself or other materials in a 


number of different ways including metalized parts can be soldered together and brazing has 
proven an effective method of joining the material to various metals; epoxy to produce a strong 
joint, sealing glass to create a vacuum tight seal, and straight-forward mechanical joints are 
possible. It works well in ultra high-vacuum environments and can be used with a compatible 
sealing glass to create a vacuum tight hermetic seal. Over 200 distinctly shaped parts were used 
on the Space Shuttle, including retaining rings at all hinge points, windows and doors 


Recent developments in the field have yielded a ceramic oxide (alumina) that can be used for 
discharge vessels in ion propulsion where quartz vessels had been the standard. According to 
reports, alumina is easier to fabricate, has excellent thermal shock resistance characteristics, 
better structural stability, and is lighter than the quartz vessels. Thermal shock resistance in ion 
engines is critically important during ignition of the plasma. In addition, its dielectric properties 
make it suitable for charging the heavy gas atoms used in ion propulsion. 


Alumina nitroxide (AION), originally developed in 1980, is a strong, temperature resistant, 
transparent aluminum currently used in military applications such as transparent armor (capable 
of stopping a .50 caliber bullet), hemispherical domes, and blast-proof windows, as well as for 
coating of computer components. It is approximately 8596 as strong as sapphire, resistant to 
radiation and oxidation, and light weight in comparison to silica glass. This makes it an ideal 
candidate for windows in a spacecraft. At the present time, it is very difficult and expensive to 
make (costing approximately $10.00 per square inch), limiting size and availability, but advances 
in both technology are expected to resolve the size problem and lower costs. For a comparison of 
the physical properties of Alumina nitroxide to other transparent ceramics see Table 8 below. 


Material Strength Knoop hardness (HK) (Kg/mm2) Modulus Density Melting 
(MPa) 1HK «021 Mohs (GPa) (g/ml) point (K) 
1MPa- 1 GPA s 145,037.73 psi 1g/mls °F = 9/5(K - 273) +32 


145.0377 psi 0.036 Ib/in? 
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200-250 1215 1950 
JES 1100 180-200 2128 


Table 8. Physical properties of ceramic materials (capable of being made transparent).32 
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Ceramics also play a important part in nuclear reactors, being used to fabricate fuel pellets. 
Traditionally, various oxide ceramics have been used for this purpose, although due to their low 
thermal conductivity, replacement with more conductive nitrides and carbides is being 
researched. In addition, oxide ceramics have been used in the disposal of nuclear materials in a 
form known as synrock that mimics natural materials that have contained radioactive materials 


over geologic time. They could continue this role in spacecraft using fission reactors for the 
generation of power and propulsion. 


Chapter 17: Other Materials of Interest 


Aerogel, or “solid smoke,” is a high porosity, low density, high thermal insulation value, ultra- 
low dielectric constant (low index of diffraction) silicate material. It can either be hydrophilic or 
hydrophobic, depending on the manufacturing process. As an insulator, it acts like a vacuum layer. 
Scientists at the NASA Ames Thermal Protection Branch have developed a tile impregnated with 
aerogel (Figure 64) that is said to be 10-100 times better insulator than previous tiles in use for 
heat shielding. 
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Figure 64. Thermal Protection Materials (TPS) Models Aerogel, tile and aerogel. Credit: NASA Ames. 


Boron compounds and coatings have multiple applications and uses. As mentioned in the 
nuclear power section, beryllium rods coated with boron on one side allow stop-start of nuclear 
reactions in LFSRs without risk of nuclear meltdown wherein the boron coating absorbs fast 
neutrons. In other applications, boron coatings on steel, nickel, and molybdenum create an 
extremely hard, abrasive, erosion and heat resistant, and self-lubricating surface, making it an 
ideal material for parts subject to wear. Adding boron, usually in the form of boron nitride, is 
essential in making high temperature, high performance epoxies and adhesives, as well as in some 
Machineable ceramics. 


Advanced/Damage sensors (e.g., Piezoelectric ribbons) will be required to perform multiple 
tasks on deep space, long duration missions. Sensors embedded into the exterior skins of 
spacecraft, such as the piezo-electric material developed at the NASA's Langley Research Center 
(Figure 65), can monitor material conditions and detect developing conditions such as microscale 
warping that may indicate fatigue, allowing time to repair the condition before catastrophic 
failure occurs. Sensors monitoring ambient interior conditions, such as radiation levels, 


temperature, atmospheric gases, humidity, vibration levels, and others will provide feedback to 
environmental controls via nano-electronics that provide high speed, ultra-lightweight 
communications with the central computers, allowing virtually instantaneous warnings of 
conditions requiring attention and system adjustments by the crew or using autonomous robotic 
devices. 


Figure 65. Piezo-electric sensor. Credit: NASA Langley Research Center 


Metamaterials and memory metals are on the cutting edge of materials science technology that 
could have significant game changing impacts on spacecraft design. In 2006, engineers at Duke 
University created the first microwave bending cloak and, although it was two dimensional and 
only worked for microwaves moving in a plane, it was an important proof of concept 
breakthrough. In 2013, the Duke team created a polymer cloak using a 3-D printer.” The ability to 
create a cloak that could effectively bend microwave radiation using a negative refraction 
metamaterial (see Figure 66) around a spacecraft would help shield against the Cosmic 
Microwave Background Radiation. Such devices are collectively known as transformational 
optics. When coupled with the capacity to create replacement sections for that cloak, should it be 
damaged, using an onboard 3-D printer, this becomes a very attractive alternative or augmentation 
to other forms of shielding. 


Figure 66. A split-ring resonator array arranged to produce a negative index of refraction, constructed of copper split-ring 
resonators and wires mounted on interlocking sheets of fiberglass circuit board. Credit NASA Glenn Research. 


Use of metamaterials is not limited to cloaking, however. There are multiple applications that can 
be useful in spacecraft design. For example, antennas used in communications devices both on 
large and small scales enhance the ability to receive and transmit signals as well as antenna 
longevity and durability. Smaller electronic chips to increase data processing speed are already 
being developed. Given the need to reduce weight without sacrificing performance, smaller, high- 
speed, high memory computers equipped with redundant drives will be necessary and 
metamaterials help make this possible. Camera lenses with greater resolution and broader 
capabilities, including very small optics, are possible with metamaterials, making equipment 
required to record and transmit visual information smaller, more portable, and easier to 
incorporate into such things as robotics, helmets, and security monitoring aboard a spacecraft. 
Significant improvements to solar cells, allowing greater durability and better efficiency are 
being made possible as metamaterial research progresses. In addition, current research is being 
conducted on the design and creation of 3D metamaterials for shock dissipation, leveraging the 
non-linear dynamics of microstructured materials**. This research could lead to multifunctional 
materials of interest to NASA with improved impact protection as well as radiation resistance 
and greater thermal control. More applications for metamaterials are certain to exist, and one can 
expect that their application will continue to expand over time. 


Memory metals are already being used and advanced developments are being proposed for 
aircraft to help streamline them, change maneuvering surfaces, and improve performance that will 
result in better fuel economy. Shape changes are induced by heat application, usually provided by 
electrical current. This could prove important to vehicles carried aboard a space ark that are 


designed to explore planetary bodies with an atmosphere. Such craft would employ a space plane 
concept in which a flyable, powered vehicle would be able to transition from space to 
atmospheric flight. Because one might expect no landing fields, vertical takeoff and landing 
(VTOL) capabilities such as those developed for the Harrier Jump Jet and subsequent aircraft 
will be necessary. Memory metals also could play a part in “self-repairing” or “self-recovering” 
spacecraft skins in the event of surficial damage. In part, these fall into the category of "sensory 
materials" because they respond to the application of a small electric current or heat. Because of 
the latter factor, small pore heat shields, using liquid hydrogen or other fluids as an essentially 
ablative material wherein memory metal can selectively open to release the hydrogen/other fluids 
differentially in response to specific heat distributions, may be possible and useful for special 
applications. Figure 67 is a composite illustration of some of NASA's research into advanced 
metals showing memory metal in the upper right hand quadrant. 


Figure 67. Haynes 25 metallic foam (upper left), potential high-temperature shape memory alloy (upper right), advanced Stirling 
Convertor Superalloy Heater Head (lower left), and single crystal alloy used in high pressure turbine blade (lower right). Credit: 
NASA 


Regolith or lunar concrete has been suggested as an excellent choice for forming the hulls of 
habitable, agricultural, and storage parts of a spacecraft and surface structures because it is 
impact resistant, an effective radiation barrier and insulator, cost effective, and readily available 
in abundance. Regolith is basically any unconsolidated, heterogeneous material overlying rock on 
a planetary body, moon or asteroid. It may consist of dust, broken rock, soil, or other similar 
material that may or may not have undergone transport by wind or water, or explosive volcanism. 
The methods of making regolith cement vary according to the ambient environment and will be 
explored further in the discussion of manufacturing methods. 


The bottom line is that we have a significant variety of suitable material available on Earth and 
extraterrestrially to build a spacecraft of extraordinary size that will withstand the rigors of the 
space environment. How those materials are manufactured and assembled is the subject of the 
next and following chapters. 


SECTION THREE: MANUFACTURING 
PROCESSES AND DESIGN 
CONSIDERATIONS 


Chapter 18: Introduction to Manufacturing Processes for 
Spacecraft 


Spacecraft are extremely complicated, having specialized structural and primary systems 
and subsystems. This requires not only advanced engineering and design, but virtually every 
manufacturing process in the human arsenal to construct a craft capable of surviving the 
rigors imposed in the hostile environment of space. 


Building a craft on the scale of an interplanetary or interstellar space ark will require a variety of 
materials ranging from metals to composites and everything in between. Each of these materials 
requires specific manufacturing processes to produce components that have the strength, 
elasticity, resistance to environmental factors, and longevity to achieve their designed purpose. 
While we can rely on Earth-bound manufacturing for many components, manufacturing them in 
space or on the moon may have distinct advantages, not the least of which is the cost associated 
with transporting payloads to the construction site using traditional launch vehicles and methods. 
At a cost of approximately $10,000.00 U.S./pound, sending up every component for a craft of 
megatonnage size likely will be cost-prohibitive. That may be mitigated somewhat by advances in 
rocket plane design, where the plane can be flown to altitude using conventional fuels then 
boosted into orbit by on-board rockets, but we are not quite there yet. Even then, advantages like 
unlimited solar power low- or microgravity and the vacuum of space make space-based 
manufacturing very attractive for some processes. [Note: portions of the following text are 
excerpted and/or adapted from our previous book Cosmic Horizons]. 


Space-based manufacturing is a necessary first step to building future exploratory spacecraft, 
especially large craft such as orbital habitats, space arks, and, eventually, interstellar spacecraft. 
It is safe to say that experimentation in this area is rudimentary and small scale, with most 
manufacturing prototypes designed for testing on the ISS. If the current state of testing is small, 
certainly the planning and thinking going into space-based manufacturing platforms is not. It is 
clear to every space futurist and forward thinking planner that orbital manufacturing facilities 
make more sense from a cost and efficiency standpoint than launching individual modular 
components into orbit for in-space assembly. For one thing, given recent developments in solar 
power technology, large, very lightweight solar panel arrays can be deployed, guaranteeing a 
virtually unlimited supply of low cost electrical power. Such arrays require very little structural 
support in microgravity, support that can be supplied by inflatable ribs, making a large initial 
power grid well within current launch weight limits. The power generated by these arrays can be 
used directly by a manufacturing facility, or it can be beamed to multiple manufacturing facilities, 
potentially reaching even facilities that are not in the arrays line of sight, by employing relay 
mirrors. 


Doubtless, the first components of an actual manufacturing platform will have to be launched into 
orbit using traditional rockets, but once a basic platform is built, it can use internal capabilities to 
manufacture components in situ for expanding and building additional manufacturing platforms as 


long as the raw materials are available. Initially, the raw materials will have to be transported 
from earth, but later materials can be obtained from the moon and very possibly asteroids. 
Manufacture of useable metals from the refined products will require both microgravity and 
artificial gravity conditions. For example, super alloys and new alloys are better produced in 
microgravity since there is little or no dendritic crystal formation and no settling of heavier 
metals as occur in gravitational setting. This makes production exotic metals and super strong 
metals possible. Microgravity, however, is not conducive to forging, shaping (drawing, rolling), 
machining, or annealing operations, which therefore will require artificial gravity. Experiments 
have not been conducted extensively on how strong the gravitational force needs to be to support 
these activities, however one may assume that 1g is optimal. 


Manufacturing processes that may be optimal in microgravity and those optimal under the 
influence of gravity are not limited to metals. When heat is applied at 2,500?C in a vacuum and in 
microgravity, lunar regolith (moon dirt) releases approximately 2096 pure oxygen that can be 
captured, compressed and used for atmospheric balance, cutting and welding, cryogenics, and 
fuel. Further refining will yield silicon, iron, aluminum and magnesium (see Figure 68, all useful 
materials for manufacturing. Growth of protein crystals also benefits from microgravity 
conditions, allowing larger crystals to be grown than under gravity that may be useful in 
pharmaceuticals. Other pharmaceuticals may be able to be produced with greater purity than on 
Earth. Manufacture of semiconductors in microgravity, based on experiments carried to the ISS 
U.S. Destiny Laboratory Module aboard STS-111 and returned by STS-113*, indicate that chips 
can be produced that are nearly 1,000 times more powerful than those produced in gravity. The 3- 
D printing processes of SLM and SLA also produce stronger metals in microgravity. It may also 
prove possible to use Metal Injection Molding (MIM), Press Injection Molding (PIM) and 
Semisolid metal casting or SSM, such as thixocasting, thixomolding, and rheocasting to advantage 
in microgravity since dendrites tend not to form under those conditions. It is almost certain that 
other production processes will prove more advantageous if done in microgravity as we continue 
to experiment with various materials. 
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Figure 68. Composition of Lunar regolith (based on consensus of multiple sources). 


Space-based manufacturing platforms, therefore, will comprise both microgravity and artificial 
gravity component facilities. Microgravity facilities will be the easiest to construct and could 
well be assembled from currently available materials, however they will likely be built of 
hardened and possibly double-walled hulls constructed to withstand not only hazards from space, 
but those from the manufacturing processes themselves. Initially, manufacturing platforms will 
likely be small due to size restrictions imposed by the physics of chemical rocket launches. Once 
established, however, these facilities could produce components for expansion of the platform, 
allowing a predesigned growth in size and complexity built of modular components. The artificial 
gravity portions of the platform present a greater challenge in that they must be of sufficient size 
that rotation of a cylinder, sphere, or toroid remains relatively slow to avoid a distracting and 
potentially hazardous coriolis effect. A radial dimension of 500m is necessary to simulate 1g and 
minimize angular and tangential velocities as shown below: 


R-500m 

(71.337 rpm (rounded to thousandths) 
"a: 

V=70.024 m/sec (rounded to thousandths) 
Va VAR 

A=1.0g 


Where R is the radius; o is the angular velocity; V is the tangential velocity; and A is the 
centripetal velocity 


Structures with a larger radius would further reduce the rpm required, thus further minimizing 
angular and tangential velocities to produce a lower perceived distortion due to the coriolis 
effect. Figure 69 shows one possible configuration for an orbital manufacturing facility employing 
rotational artificial gravity. Figure 70 shows an early NASA conceptual design. 


Designing a platform is well within the capabilities of current engineering practices. Building it 
in space is going to be difficult, but still well within the realm of possibility. Certainly the 
methods and procedures for microgravity-based labor will have to be refined and an increased 
role for robotics will be important in the assembly and maintenance of an orbital manufacturing 
facility. 


A complete manufacturing facility located in space for the purpose of building large 
interplanetary and interstellar vessels will be complex and multifaceted. It will have to be 
capable of handling tasks ranging from making everything from superstructures to nano scale 
components. It will have to have a large capacity to warehouse both raw materials and finished 
products, just as current manufacturing facilities do. As time goes on, in addition to constructing 
large spacecraft, these manufacturing facilities can be used to build structures and components 
such as habitats, shuttle craft, manufacturing equipment, and so forth, that will be needed by any 
space-faring society. The design of these manufacturing platforms will be as important as the 
processes they house, perhaps more so. 


One design consideration is preventing potential cross contamination that could adversely impact 


any other manufacturing process. To help preclude cross contamination, dedicated factory 
components will need to be isolated from one another with air locks. Modular construction 
envisioned for building these facilities will facilitate the isolation approach. Additionally, 
capture and recycling of millings and shavings from machining materials will have to be 
sophisticated and meticulous with protocols to prevent migration in such a closed environment. 
Use of glove boxes for smaller work spaces may help in containing and recovering millings and 
shavings, but large parts milling and forming operations will have to be completely separated 
from other manufacturing compartments and have decontamination locks with changing rooms. 
Scrubbers for fumes, mists, and other airborne contaminants will also have to be sophisticated 
and redundant systems with the ability to be changed out, cleaned, and reused or recycled. Should 
excess air toxics be produced that cannot be recovered and recycled, they can be vented to space 
with few, if any adverse effects. All of these approaches are completely within the reach of 
current technologies. 


Facilities engaged in the manufacture and packaging of fuels probably will be of two types, 
nuclear and chemical (for purposes in this book, gases are considered chemical whether used for 
fusion fuel or not). It is a certainty that they will be located separately and sufficiently distant 
from other manufacturing platforms to provide a margin of safety in the event of catastrophic 
failure. Similarly, long-term habitats for manufacturing and fabrication facilities should be 
separated, although fuel and other manufacturing facilities will have to be equipped with short 
term habitats much like those on deep sea oil platforms that offer some privacy, galley services, 
and recreational diversions that can be structured on separate levels from the manufacturing or 
production levels. This will allow for crew "term" shifts of months before rotation, providing 
continuity. As time progresses a separate facility will have to be constructed for rest, recreation 
and more permanent living spaces outside of the manufacturing facility. 


In addition to short term habitats, galley, recreational facilities and first aid stations for each 
module, a centrally located, fully equipped and staffed hospital facility will be an absolute 
necessity to deal with potential industrial accidents and illness on the manufacturing platform. 
While smaller in scope than similar facilities anticipated for larger space settlements, these must 
be able to handle virtually any trauma emergency and provide for short term care of sick patients 
until they can be transported to a major facility. In the closed environment of a space-based 
manufacturing facility, this means a full surgery, ICU, isolation unit, diagnostic laboratory, 
radiology department, and hospitalization ward capable of handling 20 or more patients. A fully 
stocked pharmacy will be an adjunct requirement to provide an array of medications and other 
hospital supplies. 
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Figure 69. Schematic of orbital manufacturing platform. Additional landing bays on toroids not shown. Not to scale. 


Figure 70. NASA 1980 Space Manufacturing Facility Conceptual Drawing. 


Permanent space colonies that can accommodate workers' families and amenities commonly 
available in the terrestrial environment, such as parks, shops, agriculture, and support enterprises 
are well developed conceptually. Basic requirements for long-term habitats or so-called space 
colonies have been fairly well laid out since the 1970s. Some of the major spaces that are 


considered essential in these complex orbiting cities are: 


1. Residential accommodations including dwelling units, private exterior space, and pedestrian 
access space; 


2. Commercial business such as shops and offices; 


3. Public and semipublic enclosed space, including government offices, hospitals, schools, 
community multimedia centers, religious and community assembly halls, recreation, and 
entertainment; 


4. Public open space to provide outdoor recreation (parks, and swimming, golf and playground 
facilities); 

5. Light service industrial facilities to produce personal goods, furniture, handicrafts, etc.; 

6. Wholesaling and storage facilities (warehouses); 


7. Space for mechanical subsystems including electrical distribution and transformer 
substations, communication and telephone distribution, air movement and distribution, water 
treatment (supply, return, recycling), sewage treatment; 


8. Transportation (mass and personal); and 
9. Agricultural space and facilities. 


In addition to the items above, both space colonies and manufacturing facilities will have to have 
docking facilities or landing bays for various types of craft. Supply ships, exploratory craft, 
mining ships, and Earth and interfacility shuttles will all have to be accommodated. These will 
necessarily be augmented with vessel maintenance and repair facilities to keep the working fleet 
in optimal condition. Landing bays capable of being sealed and repressurized would be 
preferable to docking stations for ease of cargo and human passenger transfer. Operationally, 
these could be closed and atmospheric gas recovered during depressurization and then 
replenished during pressurization. Such a system would allow easy transfer of personnel from a 
pressurized vessel to the landing bay without having to spend time in individual acclimation 
chambers, and it would preclude the need to “suit up” for each trip or return trip. 


Some of the manufacturing processes particularly benefitting from the microgravity and vacuum 
conditions of space include the following listed by NASA in their Commercial Space 
Transportation Study section on Space Manufacturing”: 


a. Immune response understanding leading to viral infection antibodies or vaccines; 


b. Synthetic production of collagen for use in constructing replacement human organs (e.g., 
corneas); 


Manipulated differentiation of plant cells to produce desired chemicals (e.g., Taxol); 


M. 


Production of targetable pharmaceuticals (cancer cures); 


Protein crystal formation for structure identification (structured biology); 


fp 


f. Protein assembly; 


g. Growth of large pure electronic, photonic and detector crystal materials (computer chips, 
quantum devices, infrared materials); 


h. Ultrapure epitaxial thin film production in very high vacuum (e.g., Wake Shield Facility); 
i. Production of perfect solid geometric structures; 

j. Manufacture of pure zeolite crystal material for filtration applications (pollution control); 
k. Manufacture of polymers with unique characteristics; 

l. Electrophoresis for separation of microscopic components within fluids. 


The concept of space or moon based manufacturing facilities is not new to science. NASA 
compiled an extensive paper on the subject in 1980% with some very specific proposals. Figure 
71 provides a table of processes NASA considered adaptable for low- or microgravity space- 
based manufacturing in the paper. There is little doubt that facilities with artificial capability (e.g. 
rotating toroids) can greatly expand on that list to encompass virtually every terrestrial 
manufacturing process. Thirty plus years later however, we have made little progress except for 
what can only be called benchtop tests on the aboard spacecraft like the Space Shuttle and the 
ISS. The stumbling blocks are, as they have been since our initial forays to the moon, political 
priorities and funding. In the interim, however, there have been substantial technological 
breakthroughs that can help make manufacturing in space more achievable. Innovations in 
nanotechnology, 3-D Printing, solar energy, robotics, teleoperations, and optics are just a few that 
are contributing to processes that enhance space-based manufacturing. 


Low and microgravity conditions, as well as temperature extremes, must be accommodated in 
designing space-based manufacturing equipment. For example, hot rolling of metal requires 
cooling liquids (usually a mixture of water and oil) to be fed over the rollers to maintain 
temperatures and prevent the metal being rolled from sticking to the rollers. Since this process 
uses gravity to collect the liquid below the rollers prior to it being recirculated by a pump, either 
a different method of cooling or a more complex pumping system will be required unless the 
facility is built in a rotating structure that imposes artificial gravity by centripetal force. Even 
under conditions of low gravity, such as the moon, an enhanced pumping system will be required 
for this function in the process. Other processes such as vacuum forming, however, may benefit by 
using the vacuum of space, rather than creating it by mechanical pumps. Hybrid facilities and 
specialized equipment that can both overcome, as well as make use of, conditions in orbit and on 
low gravity moons or planets will be key to successful manufacturing away from the terrestrial 
environment. 


As noted earlier, electrical power for orbital or moon-based manufacturing is virtually unlimited 
using solar collectors. For a large facility, these would have to be very large solar arrays and/or 
sophisticated solar collectors capable of focusing and converting heat. Both technologies 
currently exist and can readily be adapted for use in space environments. But, as we have seen 
earlier in this book, electrical power generation is not limited to solar sources. Use of nuclear 
reactors for power generation is a proven and space-adaptable technology available today. 
Nuclear power can generate more than enough power for a very large manufacturing facility, 


including not only the manufacturing processes, but support facilities for the workers as well. 
Support facilities would include dormitories or apartments, dining facilities, recreational 
facilities, medical clinics and surgeries, agricultural modules, waste treatment and recycling 
facilities, and laboratories. 
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“In a vacuum environment most machine techniques will require a pressurized con- 
tainer to prevent cold-welding effects. 


Figure 71.Manufacturing Processes Applicable To Space - Cross reference NASA Table 4.2039 


An added advantage benefitting space-based manufacturing is an expanded availability of raw 
materials. Asteroid and moon mining, for example is the target of much research by both private 
and public concerns. Equipment and facilities are already on the drawing board and being 


developed for these purposes. 


Bearing all this in mind, let us consider manufacturing techniques and approaches applicable to 
building a space ark, without limiting ourselves to space-based methods, but limiting terrestrial- 
based methods to components that can be transported cost-effectively to the orbital assembly 
location. 


Chapter 19: Manufacturing: Techniques and Approaches for 
Metals 


Manufacturing Processes for metals can be broken into seven general process categories: 
mining and refining, alloying, casting, molding, forming, machining, and joining. Within 
each of these categories are multiple subcategories. Ostensibly all of these processes can be 
performed in space under the right conditions, however some of them are more suited to 
terrestrial environments with an ambient atmosphere and gravity similar to Earth, while 
others may work better under microgravity and vacuum conditions in space. Before any 
metal can be put to practical use, it must first be extracted from the ore-bearing body and 
refined, an apt starting point for our discussion of metals manufacturing. 


Mining and refining ore is an age old process in which little has changed, but the equipment and 
materials used to find and wrest the minerals from the earth. The process begins with prospecting, 
the act of physically searching for ore that can be cost-effectively extracted. Modern prospecting 
is sophisticated, using geophysical mapping (magnetic, gravimetric, electrical, radiometric, and 
seismic data) and remote sensing (particularly using false color infrared, CIR, and spectral 
analysis) to identify potential formations. Much of this data can be obtained from either aerial 
overflight or from satellites (e.g., NASA's LandSats 4-7 advanced thematic mappers, TM). Use of 
satellite and other remotely sensed data applies equally to extraterrestrial geological 
investigations as well. Examples of satellite remote sensing of an extraterrestrial planet are the 
Mars Global Surveyor, which has been sending back data since 1997, the Mars Odyssey, Figures 
72 and 73, with its Thermal Emissions Imaging System (THEMIS, an IR imager), which has been 
operating since 2001, and the European Space Agency's Mars Express with its Omega VIS/IR 
Mineralogical Mapping Spectrometer. Similarly, the Mars Rovers (Spirit, Opportunity, and 
Curiosity) have expanded the remotely sensed data by collecting and transmitting information 
back from the surface of Mars such as spectral analysis of material using the ChemCam. 
“ChemCam’s detectors observe light in the ultraviolet (UV), violet, visible and near-infrared 
ranges using three spectrometers, covering wavelengths from 240 to 850 nanometers. The light 
is produced when ChemCam’s laser pulse strikes a target, generating ionized gases in the form 
of plasma, which is then analyzed by the spectrometers and their detectors for the presence of 
specific elements. The detectors can collect up to 16,000 counts produced by the light in any of 
its 6,144 channels for each laser shot."" It is reasonable to assume that the majority of 
prospecting for mineral resources in space will be done by satellites or lander probes to 
determine content and feasibility of mineral recovery from sources such as planetary bodies or 
asteroids. 
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Figure 72. Mars € Orbiter. Credit: NASA. 
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Figure 73. Mars Odyssey image of the Mediani Planum region this false-color image shows rockier areas in redder hues, and 
dustier ones in cool tones. This image, 200 kilometers (161 miles) wide, was by the Thermal Emission Imaging System (THEMIS). 
Credit: NASA. 


In fact, NASA's Innovative Advanced Concepts is already funding a study to examine the 
feasibility of designing and building a prospecting satellite called the Robotic Asteroid 
Prospector (RAP) intended to be launched on missions from the Earth-Moon Lagrange Point 
(EMLP) to intercept and prospect M-type asteroids, with an eye to developing scalable (manned 
and unmanned) craft capable of extraction and beneficiation of ores. The current concept design 
makes use of low thrust/high I., and moderate thrust/moderate I, propulsion such as solar electric 
and solar-thermal engines (Figure 74). 


Robotic Asteroid Explorer (RAP) Staged from a Lagrange Point: Start of the In-Space Economy 
Marc M. Cohen, Architect The Orbital Mechanic Honeybee Robotics Planetary Resource Engineering 
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Figure 74. The RAP Spacecraft. Credit: NASA/Office of the Chief Technologist. 


Equally exciting, but somewhat less ambitious, are the nano-satellites being developed using a 
distributed set commercial-off-the-shelf (COTS) technologies, low-level hardened elements and 
optical communications to improve performance and lower the costs of exploration. These nano- 
satellites can hitch a ride as a secondary payload to the primary launch mission, enter low Earth 
orbit, and using on-board propulsion augmented by an Oberth maneuver, using the Earth's gravity, 
to slingshot them to exit velocity and on their way to rendezvous with an asteroid. Without 
endorsing any company in particular, it is worthwhile to check out some web sites that are 
creating these nano-satellites with an eye to prospecting near-Earth asteroids, such as 
http://www.planetaryresources.com. Asteroid Mining 101: Wealth for the New Space Economy 
by Dr. John S. Lewis provides an excellent reference on asteroid composition, location, orbit, 
and an overview of mining approaches. 


The basic practices for extracting ore are: surface mining (hand, mechanical, hydraulic) and 
underground mining (stope and drift, slope). Surface mining techniques include excavation (open 
pit, coastal sand), placer mining with or without hydraulic excavation or dredging, and solution 
mining. Underground mining can be done using excavators (e.g., coal mining excavator called a 
Mole"), or, in the case of hard rock mining, drill and blast. Surface mining (e.g., strip mining) is 
generally accomplished through the use of large excavators, although some high wall mining may 
use blasting techniques or, in the case of limestone and marble, diamond wire cutting. 
Conventional explosives blasting, whether surface or underground can be used only where an 
atmosphere similar to Earth's exists, which makes it an unsuitable candidate for use on asteroids 
or other known planets. Similarly, hydraulic mining methods can only be employed where there 
are abundant water resources and gravity near or equal to 1g. While manned mining equipment 
and machinery can be employed on planetary surfaces with low to moderate gravity (perhaps that 
of the moon, 1796, up to 12096 of Earth's gravity), electron beam methods may prove useful in 


"cutting" slabs from M-class asteroids for transport and refining or robotic excavators can be 
used to gather or grind surface material for processing on asteroids. 


NASA has listed the following technical challenges faced by space mining operations: 
e Low reaction force excavation in reduced and microgravity; 
e Operating in regolith dust; 
e Fully autonomous operations; 
e Encountering subsurface rock obstacles; 
e Long life and reliability [of equipment and machinery]; 
e Unknown water ice/regolith composition and deep digging; 
e Operating in the dark cold traps of perennially shadowed craters; 
e Extreme access and mobility; 
e Extended night time operation and power storage; 
e Thermal management; and 
e Robust communications. 


While these are significant challenges, none are beyond the reach of current and near term 
developing technology. The technologies to be employed in extra-terrestrial mining apply equally 
to moon and planetary bodies and asteroids. While detailed mining surveys are still to be 
accomplished, composition of our lunar regolith is well known (see Figure 68 in the Introduction 
to this section and Figure 75 below), while the composition of the three types of asteroids are 
generally known. 


The overall details of the composition of the lunar regolith have been determined by analyzing 
samples returned to Earth from lunar expeditions. Between 1969 and 1972, astronauts collected 
and returned to earth 2,196 individual documented samples of lunar dust and rocks weighing a 
total of 382 kg (slightly over 842 Ibs.)^'. The rocks included basalts, breccias (rock composed of 
broken fragments of minerals or rock cemented together by a fine-grained matrix of the same or 
differing material). Most of the minerals had already been characterized from examination of 
terrestrial rocks, but new minerals or combinations of minerals/materials in rock were 
discovered. Among them were Armacolite (named after astronauts Neil Armstrong, Edwin Aldrin 
and Michael Collins), titanium-iron rich mineral, and KREEP, an acronym for a rock that is rich 
in potassium (K), Rare Earth Elements (REE) and Phosphorus (P). In addition, relatively 
abundant (compared to terrestrial environs) Helium 3 is embedded in the top layer of the lunar 
regolith. The uses for the minerals are well established, titanium as a light weight, high strength 
metal for use in pure or alloy form and rare earths are extremely important for electronics and 
other purposes. Helium 3 is a potential fuel for fusion reactors that has no dangerous byproducts. 
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Figure 75. Lunar Minerals and Potential Uses. Credit NASA. 


Asteroids are classed generally into three categories: 
e C-type (carbonaceous): Includes more than 75 percent of known asteroids. Very dark with an 
albedo of 0.03-0.09. Composition is thought to be similar to the Sun, depleted in hydrogen, 
helium, and other volatiles. C-type asteroids inhabit the main belt's outer regions. [Useful as 


a source of water ]. 


e S-type (siliceous): Accounts for about 17 percent of known asteroids. Relatively bright with 
an albedo of 0.10-0.22. Composition is metallic iron mixed with iron- and magnesium- 
silicates. S-type asteroids dominate the inner asteroid belt. [Source of lower grade metal 
ores and silica]. 


e M-type (metallic): Includes many of the rest of the known asteroids. Relatively bright with an 
albedo of 0.10-0.18. Composition is apparently dominated by metallic iron. M-type asteroids 
inhabit the main belt’s middle region [Source of multiple metals]..* 


M-type asteroids are an abundant source of useful metals and methods of extracting and refining 
the ore in space may actually be more advantageous than mining on planetary surfaces. The 
methods for extracting (refining) metals from lunar and similar planetary bodies’ regolith may 
differ from those for asteroids. While physical methods of separating metal minerals by direct and 
combined means (magnetic, electrostatic, sieving, crushing, vibrations, electrophoretic, etc.), can 
be used for any source provided there is some natural or artificial gravity, other methods are 
particularly suited to low to moderate gravity environments. One of these is electrophoretic 
separation (Figure 76). This process uses a large tank filled with some liquid medium closely 
matching the isoelectric point of a particular mineral of interest with two electrodes and filter 
paper. After placing lunar soil in the tank, a direct current electric filed is applied to initiate metal 
separation. Grains of the mineral with the selected isoelectric point will plate the the filter near 
the center of the filter paper, and the other minerals in discrete bands nearby. NASA described the 
process as follows: 


“The proposed automated mineral separator consists of an input port, a suspension 
tank, two electrode cells, a bond of basalt fiber filter paper, a spectral scanner 
calibration unit, robot extraction scoops, and repository bins. These components are 
illustrated in [Figure 76]. The sequence of automated operations, as suggested by the 
figure, is roughly as follows: 


(1) Lunar soil is introduced via the input port into the suspension tank. 

(2) Lunar soil goes into suspension and begins to separate and move towards the 
electrodes. 

(3) Individual mineral species move towards the electrodes along paths and with 
velocities which are a function of their electrophoretic potential. 

(4) Various mineral species are trapped and plated onto a bond of filter paper 
continuously rolled through the suspension tank. The paper is connected to both 
electrode cells. Each mineral phase plates out in a unique area which is a function of 
the electrophoretic potential of that phase, resulting in discrete bands of pure minerals 
arranged across the filter paper. 

(5) The paper is rolled through the extraction module where the width and composition 
of each band of trapped grains are measured and verified by a spectral scanner and 
vision module. Robot scrapers remove individual mineral phases and deposit them in 
receptacles. 


The suspension, mobility, separation, and plating or entrapment steps in this process 


are self-regulating. The only steps requiring new automation are input, calibration, and 
extraction. The separator most probably can be scaled up to the requisite size for any 
given throughput rate, as present-day electrophoresis cells vary a great deal in capacity. 
The ratio of the volume of suspension medium to the volume of- suspended soil can be 
as high as 1:1 (Micromoretics, Inc., personal communication, 1980). " 


One of the methods proposed to purify metals from asteroids uses “carbon monoxide (CO) and 
the application of heat at 260? C, leading to the formation of gaseous carbonyls which can then be 
distilled to separate out the various metals. Such a process could result in substantial cost savings 
over processing metals on earth.?." Other ore purifying methods such as plasma chlorination, 
wherein metal chlorides are produced and then refined while recapturing and recycling the 
chlorine have also been proposed. Once extracted and purified, the metals can then be alloyed, if 
necessary, and processed into usable components for spacecraft. Let us now turn our attention to 
the processes that turn base metals into useful products and components for a spacecraft. Since the 
terrestrial processes are well developed, known, and accessible for review on the Internet, the 
focus on the following processes will be on low and microgravity environments in space. 
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Figure 76. Components of the proposed automated electrophoretic lunar materials separator. Credit NASA.44 


Alloying is the metallurgical process of creating a homogeneous mixture of two or more metals or 
of metals and nonmetal or metalloid elements, to produce a product with performance 
characteristics or properties superior to the individual components or to satisfy a specific 
property need: Alloying of two or more metals or metals and non-metals generally requires 
heating them to their melting point(s) and then allowing for forcing them to cool. Slow cooling 
allows crystallization of the metal, while fast cooling often produces an amorphous (non- 


crystalline or glass-like) structure. This process produces ingots which then can be formed or cast 
into a usable form or part. Powder alloying (Powder Metallurgy) consists of three steps; mixing 
elemental or alloy powders, compacting those powders in a die at room temperature and then 
sintering or heating the shape in a controlled atmosphere furnace to bond the particles together 
metallurgic ally. Generally, this process results in very little scrap and a part that requires little 
machining to create the finished product. Alloying processes done in microgravity and the vacuum 
of space may well provide super alloys since dendrites tend not to form under those conditions.. 
A recent approach to designing alloys uses quantum mechanics and high-powered computer 
computation to determine metal composition for specific properties and uses. 


Metal Casting generally involves pouring molten metal into a mold, allowing it to cool, and then 
removing it from the mold. There are three kinds of molds used, expendable (e.g.s, sand, plaster, 
resin), permanent, and other. Figure 77 shows the hierarchy of casting processes. While standard 
casting processes can work in low gravity, the processes will require adaptive modification to 
preclude voids and uneven deposition within the mold. Vacuum, centrifugal, and pressure molding 
are more suitable methods in low- and microgravity. Semisolid metal casting or SSM, such as 
thixocasting, thixomolding, and rheocasting can be used to advantage in microgravity because 
dendrites will not form, imparting greater strength to the castings. 


Molding processes for metals includes powder metallurgy, forging, drawing, and rolling. Powder 
metallurgy involves using metals ground to powders of uniform or varying grain sizes that can 
then be injection (Powdered Metal Injection Molding - MIM or Press Injection Molding - PIM) 
or impact molded (Figure 78) to produce usable parts that can vary from simple to very complex. 
Powdered metal technologies are extremely efficient with very little waste material, making them 
highly cost-effective. Generally powdered metal processes are used to produce smaller parts. 
Thixomolding is a magnesium alloy process similar to injection molding, using a similar machine: 


“In a single step process, room temperature magnesium alloy chips are fed into the back end of 
a heated barrel through a volumetric feeder. The barrel is maintained under an argon 
atmosphere to prevent oxidation of the magnesium chips. A screw feeder located inside the 
barrel feeds the magnesium chips forward as they are heated into the semi-solid temperature 
range. The screw rotation provides the necessary shearing force to generate the globular 
structure needed for semi-solid casting. Once enough slurry has accumulated, the screw moves 
forward to inject the slurry into a steel die.^" Figure 79 is a patent drawing for a thixomolding 
machine. 
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Figure 77. Hierarchy of Casting Processes. Credit: Creative Commons via Wikipedia. 
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Figure 4.15.— Impact molder powder process starting kit. 


Figure 78. Impact Molder Powder Process System (Starter Kit for Space). Credit NASA.46 
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Figure 79. Metal Injection Molding Machine. Credit: Kevin A, McCullough, U.S. Patent 8,267,149 [Key added]. 


This machine is designed to work under terrestrial conditions, and would work equally well in an 
environment of artificial gravity. However, for the injection molding machine to work under 
conditions of low or microgravity, material fed into the hopper would have to be under pressure 
equivalent of 1g to function. Adapting the hopper to a pressure fed system should not pose 
significant engineering design and construction problems. 


Forging uses localized compressive force to shape metal (Figure 80) Traditional methods 
include heating the metal in a forge and then pounding the shape with hammer and anvil, however 
forging can also be done using a power hammer or a press and dies. The power hammer can be 
employed effectively using electricity to heat the metal or cold forging in low gravity 
environments, but is likely to have adverse effects on a-space manufacturing facility in 
microgravity, both in terms of potential for unbalanced force application within the space 
platform (which could affect everything from rotational or orbital stability) to damaging the 
facility superstructure via impact vibrations. Only Three types of power hammers are likely 
candidates for low gravity applications, the Helve hammer (Figure 81), the steam hammer and the 
pneumatic hammer. The latter two of which can be adapted to be closed systems. Press forging 
(Figure 82) using a hydraulic or pneumatic press, on the other hand, operates on the principle of 
the relatively slow application of pressure and can be effectively used in either environment using 
either open or closed dies. Materials can be press forged by either a hot or cold method. Metals 
in space will likely be heated either by solar or electric means. 
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Figure 80. Forging Processes, after P. Kumar47. 
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Figure 81. Schematic of a Helve Hammer. Credit: P. Kumar48 
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Figure 82. Schematic Drawing of Press Forging. 


Extrusion and drawing are methods of forming metal work stocks by reducing their cross-sections 
by either pushing (extrusion) or pulling (drawing) the work piece through a die. Extrusion can be 
of two types, direct and indirect. In direct extrusion, a ram pushes the work piece forward through 
a die, while indirect extrusion uses a hollow ram to push the die into the work piece which then 
passes through the die and out the hollow tube of the ram (Figure 83). Drawing operates on the 
same principal except that the material that is pulled rather than pushed through the die and 
generally uses round billets for the work piece. Drawing requires a lubricant (either wet, usually 
oil doped with chemicals, or dry, usually some kind of soap) for the work piece. Wet drawing is 
usually done with the die and work immersed in the oil-chemical solution, while dry drawing 
uses a stuffing box loaded with the lubricant on the front of the mold (die). 
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Figure 83. Extrusion Methods for Metals. 


Rolling (Figure 84) is often the first process refined hot metal undergoes. Ingots or continuous 
castings are hot rolled into a bloom or a slab. Blooms are bars or beams with a square cross 
section of greater than 6x6 inches. Slabs are rectangular and are usually greater than 10 inches in 
width and more than 1.5 inches in thickness. These are then further rolled down to intermediate 
parts such as plate, sheet, strip, coil, billets, bars and rods to be uses as starting material for 
subsequent manufacturing operations such as forging, sheet metal working, wire drawing, 
extrusion, and machining. Blooms can be rolled directly into bars for machining or construction (I 
beams, H beams, channel beams, and T sections for structural applications, as well as rails for 
tracks). Plates (>1/4” thick) and sheets (<1/4” thick) can be hot or cold rolled from slabs, and are 
used to produce a plethora of manufactured items. Plates are used in heavy applications (e.g.s, 
boilers, bridges, nuclear vessels, large machines, tanks, ships, etc.). Sheet is used in producing 
vehicle bodies (automobiles, buses, train cars, airplane fuselages), appliances, and a number of 
other useful products. 


Figure 84. Metal Rolling Schematic. Credit: 


Rolling, hot or cold, changes the metal's shape but not its mass or volume. Rolling can produce a 
number of useful shapes as noted above, depending on the shape of the rollers being used. The 
work piece can be subjected to tensioning to aid in the procedure, particularly with hard metals 
or side rollers to maintain the width of the material may be used. In some cases, such as bolt 
threading, rolling can enhance the strength of the material. Rolling threads deforms the metal to 
add strength, while machining simply cuts threads into the material without deformation. Once 
formed, the rolled product can be subjected to other processes, such as stamping, perforating, 
bending, machining. and joining to fit a specific purpose. For example, many structural parts for 
the aerospace industry are perforated with "lightening holes" to make them lighter without 
sacrificing structural strength or integrity. Blooms can be transformed into simple shapes, such as 
welded pipe, to very complex shapes (see Figure 85). 


Machining is the process of material removal by mechanical means. Machining includes drilling, 
turning, milling, shaping, planing, boring, broaching, sawing and burnishing. While these 
processes can be done manually, most can be done robotically using automated equipment. 
Lathes, drill presses, and milling machines are the primary tools used for conventional machining 
of metals. Much of the conventional machining is done using Computer Numerical Control (CNC) 
machines (Figure 86) that use Computer Aided Design (CAD) and Computer Aided 
Manufacturing (CAM) programs to precisely control the automated machining process. Newer 
processes such as electrical discharge machining, electrochemical machining, electron beam 
machining, photochemical machining, ultrasonic machining and water jet cutting are also used and 
may be of particular interest in space applications. 
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Figure 85. Metal Forming by Rolling. Credit: http//thelibraryofmanufacturing.com/metal rolling.html. 


Figure 86. A Small CNC Machine. Credit: Nathaniel C. Sheetz, Creative Commons via Wikipedia. 


Joining is the process of permanently or semi-permanently connecting two pieces of material 
together. The work pieces may be of the same or different types of material. Metal to metal 


joining can be done by welding, brazing, soldering or epoxies, although the latter is more useful 
in joining metalized or non-metalized composite materials to metal. In space or on low gravity 
planets/planetoids welding will be the method of choice for joining metals. In space it is possible 
to achieve weld porosities as low as 1-396 vs. slightly less that 1096 on Earth. While virtually 
any form of welding can be performed under 1g conditions, including artificial or centripetal 
gravity, three methods of welding are likely to emerge as the front runners, friction stir welding, 
electron beam welding, and laser welding. These methods are particularly suited to welding in a 
vacuum, and space has an ideal vacuum. In addition, all are best performed robotically, making 
them well suited for operating in this hostile environment without risking human health and safety. 


Friction stir welding patented by The Welding Institute of the U.K in 1991, and enhanced by three 
new technologies developed by NASA and its industrial partners, uses computer controlled 
robotics to join metals able to withstand the extreme rigors of space travel (see Figures 87 - 90). 
The technique uses a rotating spindle to heat the metals by friction, softening and mixing the two 
pieces, mechanically joining two pieces of metal together at the spindle. 


Figure 87. Specialized welding tool developed by NASA for the friction stir welding process. Credit: NASA/Marshall Space Flight 
Center. 


Figure 88. Friction stir welder in operation. Credit: NASA/Marshall Space Flight Center. 


Figure 89. Joining bulkhead and nosecone of the Orion spacecraft by friction stir welding. Credit: NASA. 
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Figure 90. NCAM’s Friction Stir Welding System produces a uniform weld as it joins the panels of an elliptical dome structure. 
(LMSSC-MO). Credit: NASA Center for Advanced Manufacturing. 


According to NASA, its technological advances in FSW “...provide novel techniques for 
producing high-strength joints that are virtually free of defects.” And asserts that the advances 
in the technologies: 


e “Enables welding of more types of material than ever before: Can be used on a wide 
range of alloys, including high-strength, temperature-resistant materials (such as nickel 
and titanium alloys), metal-matrix composites, and other materials previously considered 
unweldable 


e Improves weld quality: Increased spindle revolutions per minute improves weld quality 
over previous conventional FSW tools and enables FSW to be incorporated into high- 
performance systems with higher production rates 


e Accommodates complicated welds: Enables welding of complex curvature joints or other 
types of workpiece variations, increasing manufacturing possibilities 


e Lowers costs: Eliminates the complex and expensive shoulder-angle control system, 
lowering costs while increasing production rates 


e Increases tool life: Novel pin geometry and design increases strength, durability, and 
wear resistance, and reduces stress on tools.*” 


Electron beam welding (EBW) uses a focused electron beam to melt and fuse metals together, and 
it requires a vacuum to prevent the beam from dissipating for optimal operation, making it 


particularly useful in space. Beam welding produces a deep, narrow weld. Electron beam 
devices are one the easiest electronic welders to construct in space. The primary requirements 
include an electron-emitting filament or filament-plus cathode, deflection plates, and a high- 
voltage power supply. Space supplies the vacuum, negating the need for vacuum pumping shown 
in the schematic (Figure 91). NASA has already developed a robotic Lightweight Surface 
Manipulation System (LSMS) with an EBW attached for autonomous assembly of space structures 
(Figure 92). 
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Figure 91. Schematic of an electron beam welder. Creative Commons image via Wikipedia. 


Figure 92. LSMS with EBW. Credit: NASA Space Science, Exploration and the Office of Chief Technologist. 


Electron beam welding is strictly an automated process from which humans must be shielded due 
to the production of X-rays by the equipment. Again, since robotics are the best choice for space 
operations, this should present no health problems for the operators, who can observe and guide 
the operation from the safety of a control room or module. An additional asset is that the Electron 
beam also can be used to machine parts simply by turning up the voltage to the point that it 
evaporates material rather than welds it. 


Laser beam welding (LBW), like EBW, is a versatile process that is able to handle a wide variety 
of metals from high carbon steel to aluminum and titanium. There are three types of LBW, solid 
state, gas, and fiber. each with its advantages, but gas and fiber lasers have higher production 
speeds. LBW produces narrow deep welds and will function well in the space environment. The 
drawback is that lasers are more complex than electron beam welders, requiring more complex 
lenses, more parts, and greater precision in building them. Gases used in these devices are also 
limited in space and on the lunar surface, meaning that these instruments or at least their 
components, will need to be constructed on Earth and then launched into orbit or the moon, which 
makes them more costly than the other two options presented. On the other hand, this is a proven 
technology that is used in mass production facilities like automobile factories, which should 
lower their production cost. Also LBW, like FSW, does not produce X-rays like EBW, making it 
safer to operate from a health perspective. NASA has developed and patented a small 
Dynamically Variable Spot Size laser for bonding metal in space (Figure 93). 
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Figure 93. DVSS Laser, NASA Patent #US 8,290,006 B1. Labels added. 


Cold welding is done on Earth by applying high pressure on the metals being welded. The 
pressure is incrementally increased to an amount just below the breaking point of the metal, 
effectively causing the metal to flow together plastically. Interestingly very clean, like metals will 
cold fuse or self-weld to some degree in the near perfect vacuum of space without any pressure 
being applied if even minor friction is applied. This can prove problematic in moving parts such 
as deployable appendages, and rotating and oscillating systems, if the lubricant on those parts 
wears away over time. Once the lubricant is gone, impact or fretting (rubbing) can result in cold 
welding of the respective parts, causing the moving mechanism to fail (seize). Therefore careful 
choices in lubricant or wear surface components must be made for those mechanisms to properly 
function in the vacuum of space. Self-welding is unlikely to be employed in the manufacturing 
process in space except in the case of nano-fiber welding, where it has specific application. 


Finally, traditional mechanical means of joining metals (riveting, pressing, and fastening) will 
continue to be an important part of the manufacturing process in building spacecraft. 


Chapter 20: Manufacturing: Techniques and Approaches for 
Composites 


Composites are some of the strongest materials made, often exceeding the tensile strength of 
high-carbon steel by several orders of magnitude, Composites include layered fibers and 
epoxy, ceramics, metal matrix composites, metal matrix glass, and metamaterials. The 
methods of manufacture vary with the material product, but each process is integral to 
crafting a composite to meet specific needs. 


As noted in the Materials section, composites comprise a mixture of two or more constituents of 
dissimilar types which, when combined, yield a material with thermal and mechanical properties 
that can be superior to homogenous metals, polymers, and ceramics. We are all familiar with one 
of the most common composite materials, a mixture of fiberglass cloth and resin used to make 
canoes and boats. To review the manufacturing processes for composite materials, we will 
examine them by type, first describing the materials that compose them, and then the methods by 
which they are made. 


Filamentary composites are those which combine individual filaments, or fibers, if you will, 
bundles of filaments (called Tows), or woven filamentous fabrics with a resin. These are layered 
to improve the strength of the composite product. High performance composite filaments may be 
carbon, glass and aramid, high-modulus polyethylene (PE), boron, quartz, basalt, ceramic, newer 
fibers such as poly p-phenylene-2,6-benzobisoxazole (PBO), and hybrid combinations. Almost 
all of these find use in the aerospace industry, but aramid and carbon predominate. In space basalt 
and ceramic fibers may play a larger part due to their abundance on the moon (basalt flows and 
regolith). 


Tows (also called rovings) are bundles of fibers (untwisted), commonly used since individual 
fibers are generally too thin to be processed. Individual fiber diameters are usually measured in 
microns (p). Yarns are twisted bundles of fibers (usually in reference to fiberglass) used in much 
the same way as tows are for carbon and other non-glass fibers. Each tow or yarn consists of a 
large number of fibers, for example carbon tows have a minimum of 1,000 fibers per tow and may 
range in excess of 10,000 fibers per tow. The type or combination of fibers are tailored to 
specific requirements of the composite being made. These composites are layered, built up of 
alternating layers of tows or fabric and resin. If tows are laid in a uniform direction, the 
composite has great anisotropic strength, meaning that the material is stronger along the 
directional axis of the tows compared with the orthogonal (right angle) direction. Tows can be 
used directly, in processes such as filament winding or pultrusion, or converted into 
unidirectional tape, fabric and other forms of reinforcement such as braids or sleeves. 


Fabrics are made of woven or stitched tows or yarns. Using this manufacturing method allows 
fiber preparation to be completed under very controlled conditions, and enables rapid build up of 
components during the final stages of manufacture. Composite structures built up from fabrics are 
easier to manufacture and are tougher than those built up from tows, but lose some mechanical 


properties. Fabrics can be assembled in a number of patterns, again depending on the 
requirements of the finished product. The most common pattern is the plain weave in which the 
weft goes over one warp and under the next (Figure 94), however the most common weave for 
carbon fiber is the ‘2/2 Twill’. In this pattern the weft goes over two intersecting warps and then 
under two (ergo 2/2), creating a fabric with a predominantly diagonal pattern that is more pliable 
and has more drapability than the plain weave. It is also creates a more stable fabric than the four 
or eight harness satin weave The basket weave is similar to the plain weave except that two or 
more warps and two or more wefts are alternately interlaced over and under each other. This 
weave, while more pliable, flatter and stronger, is not as stable as the plain weave. The leno 
weave is used where relatively low numbers of threads are involved. The leno weave locks the 
fibers in place by crossing two or more warps over each other and interlacing with one or more 
wefts. The four harness satin weave pattern is characterized by a three by one interlacing where a 
weft floats over three warps and under one. This fabric is more pliable than the plain weave and 
conforms more easily to curved that are surfaces typical in reinforced plastics. The eight harness 
satin weave is similar to the four harness satin except that one weft floats over seven warps and 
under one, crating a a very pliable fabric that used for forming over curved surfaces. A 
comparative graphic of fiber weaves is provided in Figure 95. 


Figure 94. The Plain Weave Pattern. Creative Commons Image via Wikipedia. 
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Figure 95. Types of weaves used in fiber reinforcements. 


Mixed methods involve using both fabrics and fibers or tows. Composite I-beams, for example 
use fabrics along the beam body, or shear loaded surface, and high proportion of fibers oriented 
in the length direction of the beam on the flanges where axial loads are greatest. 


In the construction of all laminated composites, the fiber reinforcement is layered, with each layer 
ranging between 0.125 mm (0.005”) for aerospace-grade pre-pregs up to several millimeters for 
woven rovings(generally on the order of «7 mm or *0.25"). This simply means that laminated 
composites are built up of several layers. Depending on requirements of the design, the fiber or 
fabric layers can be oriented in different directions within the manufactured part. In most 
laminates, the dominant loads are in the plane of the fibers, so the composites tend to be relatively 
thin. In thick or curved composites where inter-laminate tensile and shear stresses dominate, 
through-thickness reinforcement will likely be necessary. The manufacture of laminated 


composites falls into one of two process divisions, Open Molding or a Closed Molding, is done 
by one of several processes delineated below. While all of these processes can be done in a 
space-based manufacturing facility with artificial gravity, the closed mold processes are suitable 
for low- or microgravity provided the equipment is modified to be an entirely closed process and 
not gravity dependent. NASA provides a guide to composite manufacturing processes for its 
aerospace applications (Figure 96). 
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Figure 96. NASA’s Summary of Composite Manufacturing Processes.50 


Open Molding 


Wet Layup can be either a manual or high-production semi- or fully automated process, however 
the latter processes can produce products of varying quality and, unless the fiber to resin ratios 
can carefully controlled under high-production rate processing, the mechanical properties of these 


laminates can vary from point to point and structure to structure. In the hand layup process 
(Figure 97), a release material is applied to the mold and allowed to dry, then a gel coat is 
applied (either by hand or sprayed on) and allowed to partially cure, although it must remain 
tacky to allow the resin to fully adhere to it. Then the tows or fabrics are placed in the mold, with 
resin either brushed or sprayed on, followed by using a roller or squeegee to remove any air 
bubbles and even out the the initial laminate layer. This is repeated until the laminate has 
achieved the proper thickness for the product. Low density materials such as foam and 
honeycomb structures may be included between the laminate layers to add stiffness. Finally the 
laminate is allowed to cure at room temperature or with external heat assistance. This process is 
not generally suitable for aerospace parts except for applications where low production runs, 
prototypes, and complex shapes are required. Spray layup process that has the same steps as hand 
layup, except that it applies chopped fibers and resin to the mold through a pressurized spray gun 
(Figure 98). 
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Figure 97. Hand Wet Layup Process. Credit: Shankaranarayanan, et al, via Slideshare51. 
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Figure 98. Spray Layup. Credit: Shankaranarayanan, et al, via Slideshare52 


Pre-Preg Layup is a process in which tows or fabrics are impregnated with controlled quantities 
of resin prior to placing them in a mold or in conjunction with vacuum bag molding. Because the 
process results in consistent components and structures, it is used to manufacture high-quality 
components for aerospace applications. This process often uses sophisticated resin systems that 
require curing in autoclaves under high heat and pressure. 


Filament winding is an automated open molding process that uses a rotating mandrel as the mold 
to create hollow parts. Continuous strand roving travels through a resin bath and wound onto the 
rotating mandrel by robotic arm or trolley that traverses the entire length of the mandrel (Figure 
99), laying down the filamentous roving in a predetermined pattern to meet the design 
requirements for the maximum directional strength. The filament winding is tensioned, resulting in 
a high degree of fiber loading, which imparts high tensile strengths in the parts. Once the buildup 
is sufficient, the laminate is cured on the mandrel, which may be heated to aid the curing process. 
Once cured, the part is stripped from the mandrel. The mold produces a finished inner surface and 
a laminate surface on the outside diameter of the product (Figure 100). The process is used to 
manufacture hollow, generally cylindrical products such as storage tanks, pipes, pressure vessels, 
and rocket motor cases. 
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Figure 100. Exterior of Filament Wound Shell Showing Laminate Pattern. Credit: NASA 


Automated tape laying is a process that uses a machine to position pre-impregnated fiber tapes 
(essentially thin width fabric) on the surface of a straight or curved surface of an open mold 
capable of producing complex parts. As with fabric layup, the tapes can be singularly or multi- 
oriented in layering, depending on the product specifications. The equipment for this (usually) 
thermoplastic process employs a highrail gantry system that provides linear motion, a flat table 
controlled by X and Y direction stepper motors, and a heated tape placement head (NASA's 
heated head automated thermoplastic tape placement, HHATP, is shown in overall, and close up 
of the tape laying head in Figure 101). The molded product is then generally placed in an 
autoclave to finish the curing process. 


Figure 101. NASA's HHATP Machine. Credit: NASA/Langley Research Center. 


Pultrusion 


Pultrusion is a semi-open, continuous and automated process (Figure 102), designed for high 
volume production runs of constant cross section parts. Pultruded shapes include I-beams, 
channels, angles, beams, rods, bars, tubing, and sheets. The pultrusion process employs a puller 
system that pulls fiber through a catalyzed resin bath, and into a heated metal die. As the wetted 
fiber passes through a die corresponding to the desired shape, it is compacted and cured. 
Automated saws synchronized to the line speed then cut the part to a preset length. The fibers may 
also have resin injected directly into the heated die and multiple fiber streams can be pultruded in 
a single multicavity die. Hollow or multiple-cell parts can be formed when wetted fiber wraps 
around heated mandrels extending through the die. Mat and/or stitched fabrics may be added to 
the material package before it enters the die to enhance axial strength. Pultrusion products 
characteristically use fiberglass and thermoset resins. Carbon fiber and other woven and hybrid 
reinforcements can also be used depending on requirements of the product in question. A variant 
of the pultrusion process called *rolltrusion" (Figure 103) was proposed by NASA in a 1987 
technical paper, NASA TM-4016, Potential for On-Orbit Manufacture of Large Space 
Structures Using the Pultrusion Process. Another variant of the process is pulforming, which is 
employed to form the length into a semicircular contour and alter the cross section at one or more 
locations along the length. This requires additional forming steps, although it remains a 
continuous process (Figure 104). 


Closed Molding 


The closed molding process uses a two section mold, usually referred to as A and B, that open an 
close each molding cycle. While the tooling costs for the molds are often more than double the 
cost of comparable open molds due to the complexity of the equipment required, there are distinct 
advantages to closed molding. These include a good finish on all part surfaces, closer tolerance 
control, the ability to create more complex 3-D shapes, and much higher production rates. There 
are three general types of closed molding; compression, transfer, and injection. In addition to 
standard compression molding, three types of compression molding are particularly applicable to 
the aerospace industry to produce precisions, Light Resin Transfer Molding (LRTM), Reusable 
Bag Molding (RSBM) and the Vacuum Infusion Process (VIP). 
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Figure 102. Schematic of Pultrusion Process and Machine. Credit: NASA. 
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Figure 103. Schematic of Thermoplastic Rolltrusion. Credit: NASA. 
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Figure 104. Pulforming Schematic (puller not shown). 


Standard Compression Molding is a process that uses matched upper and lower mold halves 
that are usually made of steel and are release coated (either Teflon or a release agent). These are 
mounted in a hydraulic press with movement limited to the axis normal to the plane of the mold. A 
preform, that can be made of a number of different materials ranging from pre-preg continuous 
fibers in epoxy resin to sheet or dough molding compounds, bulk molding compounds, to glass 
mat thermoplastics. In operation, the preform (which may be heated prior to molding) is placed in 
the lower mold, the hydraulic press activated, pressing down on the preform, followed by a short 
curing cycle (the molds may be either at room temperature or heated), and then ejected from the 
mold by ejector pins (Figure 105). This is usually a highly automated process capable of high 
production rates and, while labor costs are low, equipment and mold costs can be very high. 
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Figure 105. Schematic of a Compression Mold. 


Light Resin Transfer Molding (RTM) is a low pressure, closed mold system that consists of a 
rigid (steel, cast iron, or cast aluminum) base mold, which is usually heated, and either a rigid 
steel or semi-rigid fiberglass or a flexible mold (made of composite, silicone or other materials) 
counter mold. Seals are incorporated into the mold flanges to create an air-tight seal between the 
counter mold and the base mold. The laminate stack plies of fiber reinforcements, which should 
be carefully preformed to fit the mold for consistent, high quality parts, are placed in the base 
mold and the mold halves are clamped in place (Figure 106). A resin injection pump forces the 
catalyzed resin into the mold through ports in the counter mold and into the sealed mold void to 
completely infuse the fiber mat. When the resin is cured, the counter mold is removed and the part 
is removed from the base mold. Molding cycles can be completed in as few as twenty minutes 
and relatively high production can be achieved when several base molds are used with a single 
counter mold. RTM produces finished surfaces on both sides of the part with enhanced 
dimensional stability. In addition, this process reduces fugitive hazardous pollutant emissions, 
leading to improved workplace safety. 
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Figure 106. Schematic of a Resin Transfer Mold with detailed view of the mold body. 


Reusable Bag Molding (RBM) (Figure 107) is a fast and simple method of molding to which 
open mold tooling can be converted. The process uses a rigid base mold and may use a flexible 
counter mold made with silicone, latex or other similar material. The “bag” may be made by 
brushing or spraying silicone on the base mold and emplacing seals where the bag meets the mold 
flange. A pre-preg fiber preform or laminate build is placed on the base mold that is treated with 
a release coating; a release film is placed over the preform; the flexible counter mold, if used, is 
put in place and a vacuum pump evacuates the air through ports in the bag. The assembly is then 
placed in an autoclave for curing under pressure and heat, which vary depending on the fibers and 
resins used in the preform. The bag is reusable and repairable, hazardous emissions are reduced, 
and training operators is easy when using this relatively simple technology. A variant of this is the 


Double Bag Molding process (Figure 108) used in the production of aerospace parts. 


— 


/ N 
/ | 


«—— —— Bagging Film 
Breathe /Bleeder Fabric 


F 
Vacuum Hose Fitting Release Fie 


Fiber Tows 
Peel Ply/Release Fabric 
bu — — Peclehy/Relenre Fabric _ À (Optional) 


Adhesive Tape 


Sealant Tape 


Figure 107. Reusable Bag Molding Schematic. 
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Figure 108. Schematic of the Double Reusable Bag. Credit: NASA 


Vacuum Infusion Molding is similar to RBM, but the pre-form laminate fibers are not 
impregnated with resin. The resin is drawn into the mold by the vacuum only. Vacuum Assist 
Resin Transfer Molding or VaRTM is a hybrid of the RTM and RBM process. Basically the 
same set for RBM up is used for both VI and VaRTM, except that in the latter the resin or resin 
catalyst is drawn into a dry stack fiber or fabric layup or preform through a feed tube by the 
vacuum with the assistance of a peristaltic pump at low pressure. Since these processes use a 
vacuum, they are excellent candidate for use in space. 


Rotary molding is heavily used in modern manufacture for plastics and composites for products 


ranging from garbage cans to canoes to spacecraft components. The process is relatively simple, 
if the machinery is not. Specially formulated resins, in powder or liquid form, are poured into a 
hollow mold. The mold will then be rocked or rotated at a low speed across dual axis while it is 
heated (Figure 109). This causes the resin to bind with the shape of the hollow mold. Rotation of 
the mold continues throughout the cooling process so the shape is held as the resin hardens before 
being removed from the mold. While this process presents several advantages, it does have 
disadvantages such as limitations on materials use and the variety of geometric shapes possible, 
and an extended cooling time that translates into equipment downtime. These are relatively minor 
as compared to the advantages in economy, production time, inexpensive molds use, leading to a 
variety of end products that can be made by a single machine, and single no-weld part 
construction. 


Figure 109. A Rock and Roll Rotational Molding Machine. Credit: *Rock&Roll HRM1800” by Stéphan Courtois - Own work. 
Licensed under CC BY-SA 3.0 via Wikimedia Commons. 


Ceramics manufacturing has been around for centuries, and although refinements have been made 
to the processes for producing everyday ceramic products, the process remains fundamentally the 
same. A quick overview of general ceramic manufacturing processes is summarized by the 
Environmental Protection Agency in Figure 110. Modern methods of creating composite ceramic 
materials, especially ceramic matrix composites (CMC) have made possible highly specialized 
products for use in the nuclear and aerospace industries. These methods are the focus of our 
review. 


Ceramic Matrix Composites can be considered subgroups of both composite materials and 
technical ceramic materials. Because the matrix is ceramic (alumina, silicon carbide, aluminum 
nitride, silicon nitride, zirconia and/or mullite), we will consider them as ceramics for the 
purposes of this book. CMCs commonly use fibers of alumina (AL,O,), silicon carbide (SiC), 


carbon (C), and mullite (Al,O,-SiO,, a rare post-clay genesis silicate mineral in nature also 


known as porcelainite) that can be manufactured by heating kaolinite clays (hydrous aluminum 
silicates) to extremely high temperature. The primary matrix materials also tend to be Al,O,, SiC, 
C, and AL,O,-SiO,. So one may have a ceramic of carbon fiber in a silicon carbide matrix, 
commonly called carbon fiber reinforced silicon carbide, aka C/Sic; silicon carbide fiber 
reinforced silicon carbide, aka SiC/SiC; carbon fiber reinforced carbon, aka C/C; alumina fiber 
reinforced alumina aka Al,O,, AL,O,; and so forth. CMCs can exhibit a diverse range of desirable 
properties, including high temperature stability, thermal resistance, mechanical integrity, 
hardness, and corrosion resistance. They are light weight and can be nonmagnetic and non 
conductive depending on design specifications. 


There are three fundamental steps to creating a CMC: fiber layup; infiltration of the matrix, and 
machining (with or without further treatment such as a finish coat). Within these steps there are 
multiple process methods. We will focus on four of these as being the most useful in aerospace 
technology (Figure 111). While hand layup is denoted on the NASA slide, automated layup is 
possible and an equipment design and process has been patented for CMCs?.. 
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Figure 110. Flow Diagram for Ceramics Products Manufacturing. Credit: EPA54. 
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Figure 111. Current Approaches for Manufacturing CMCs. Credit: NASA. 


The Chemical Vapor Infiltration process begins with dry ceramic fiber preforms, (e.g., long, 
dry ceramic tors) being placed on the base tool in an arrangement to form a dry fiber structure 
conforming to the design specifications. It is then subjected to a chemical vapor deposition 
(CVD) process (Figure 112) to infiltrate the fiber structure with a ceramic matrix, and form the 
CMC structure. While Isothermic/ Isobaric (standard temperature and pressure) CVI (I-CVI) is 
the most common process, Temperature gradient (TG-CVI), Temperature gradient (TG-CVI), 


Thermal gradient-forced flow (F-CVI), and Thermal gradient-forced flow (F-CVI) are alternative 
methods. 
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Figure 112. Conventional Chemical Vapor Infiltration. Not to scale. Credit: Creative Commons/Wikipedia. 


CVI requires complex and costly tooling to ensure that the fiber structure is properly shaped, and 


the CMC structure includes a uniform ceramic matrix. This process also typically limits the 
reusability of the tooling, increasing CMC structure fabrication costs. Automation of preforms 
should bring these costs down. All of these processes, especially I-CVI, are slow and the 
products have a relatively high porosity. They do, however, produce a compositional variety of 
high purity matrices with enhanced mechanical properties, good thermal shock resistance, and 
increased creep and oxidation resistance. 


The Polymer Infiltration/Pyrolysis (PIP) process begins with the fabrication of pre- 
impregnated material forms in which fibers or fabrics are impregnated with a resin and then dried 
or partially cured to a second-stage, increasing the viscosity of the polymer so the pre-preg may 
be shaped (laid-up). This is followed by layup of the pre-preg in a mold and molding, which may 
vary, but Reusable Bag Molding followed by autoclaving the pressurized mold and heated 
compression molding are the common methods used. This is followed by infiltration of a 
preceramic polymer by immersing the preform in it (normally done at atmospheric pressure by 
capillary action, but can be done using a vacuum or pressure assist). Pyrolysis (literally breaking 
by fire or heat) is accomplished by heating the infiltrated preform to a temperature in the range 
1472-2372?F (800-1300?C) in an argon gas atmosphere. Nitride matrices (e.g. silicon nitride) 
are fabricated in the atmosphere of Nitrogen (N2) or Ammonia) (NH3). The pyrolysis of the form 
drives off volatile gases forming a porous of the resultant ceramic matrix. Multiple re-infiltration 
and pyrolysis cycles (up to 10) are performed to decrease the porosity of the ceramic. 


Polymer Infiltration and Pyrolysis (PIP) 
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Figure 113. The Polymer Infiltration/Pyrolysis Process. Credit: Creative Commons via www.substech.com. 


The primary advantages to this process are reduced or no damage to fibers due to relatively low 
fabrication temperatures, excellent control of the matrix composition and its microstructure, 
different types of reinforcing are possible, multiple compositional matrices are possible, there is 
no residual free silicon, and net shaped parts can be produced. The disadvantages are slow 
production rates, high cost, and some residual porosity in the ceramic that decreases mechanical 
properties. 


The Melt Infiltration process for SiC/SiC ceramics uses a molten ceramic SiC matrix to 
infiltrate a fiber preform. The process is limited by the viscosity of the molten ceramic material 
and high temperatures causing an interaction between the fibers and the molten matrix. In some 
cases, the Slurry Infiltration Process (SIP) is used, wherein fiber tows or tapes are dragged 
through a slurry containing ceramic particles and winding them on a drum to dry, and then creating 
a preform from the dried fiber material. This is followed by infiltrating liquid silicon into the 
preform or in some cases, hot pressing the dried saturated preform to make the ceramic part. 
Other variations of the process include a Reactive Melt Infusion (RMI) called Liquid Silicon 
Infusion (Figure 114) which infiltrates liquid silicon into a carbon fiber matrix to form an SiC 
ceramic or liquid aluminum into preform in an oxidizing atmosphere (Direct Oxidation) to 
produce an alumina-aluminum (A1203 — Al) matrix ceramic (Figure 115). RMI is a relative fast 
and cost effective method of making metal-matrix ceramics, resulting in products with low 
porosity and high thermal conductivity and electrical conductivity. 
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Figure 114. Liquid Silicon Infiltration (a form of RMT) Schematic. Credit: Creative Commons via www.substech.com 
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Figure 115. Direct Oxidation (a form of RMT) Schematic. Credit: Creative Commons via www.substech.com 


Hybrid Processes are quite simply what the name implies, hybrids of two or more of the various 
processes used to create high tech SiC ceramic products. The first example under the MI category 
that includes the use of RMI and SIP is, in fact, a hybrid process. 


Ceramic Powders can be directly made into finished ceramic materials by a number of methods 
such as pressing (uniaxial die and isostatic) injection molding, extrusion, and slip, tape or gel 
casting. These processes may or may not involve heating during or after the part is formed. 
Machining may also be done on some post mold ceramics. 


Finishing ceramics can be done by one of several methods or combinations thereof. These 
include conventional machining, grinding, ultrasonic machining, rotary ultrasonic machining, laser 
machining and laser assisted machining. These processes can be used to create a part from a 
ceramic block, refine a part by removing excess material, or bring a ceramic part into very tight 
tolerances. 


Conventional Machining (drilling, turning, and milling) can be done on ceramics bisque 
(presintered and before final firing) stage. Machining uses the same tooling principles one uses to 
shape steel. It is often an automated process using CNC equipment, employing titanium nitride 
(TiN) coated high speed steel, tungsten carbide and polycrystalline diamond (PCD) tools. Tight 
tolerances and high quality finishes are not generally attainable in machined presintered ceramics 
due to shrinkage and warpage of the workpiece caused by the machining process. 


Grinding is done primarily on fully sintered materials using an abrasive resin bond wheel with 
natural or synthetic diamonds embedded in the resin. Different grit grades are used depending on 
requirements. During grinding operations the grinding zone is continuously flushed with a fluid 
coolant, to cool it. This not only lubricates the contact between the wheel and the part surfaces, it 
removes the the debris produced during grinding. Fine grinding (to the nano-scale) can be done 
with the aid of electrolytic in-processing dressing (ELID) of the grinding wheel. 


Ultrasonic Machining uses the action of a slurry containing abrasive particles flowing between 
the workpiece and a tool vibrating at an ultrasonic frequency to reduce the working surface of the 
ceramic. Because it is a low accuracy method, ultrasonic machining of ceramics is usually 
restricted to drilling. 


Rotating Ultrasonic Machining is a combination of the grinding and ultrasonic machining 
processes used primarily for drilling operations. A metal bonded diamond core drilling tool is 
rotated while being ultrasonically vibrated while being continuously fed under load against the 
ceramic surface. As with grinding, a constantly flowing fluid lubricant keeps the tool and working 
surface cool while at the same time removing drilling debris. 


Laser Machining uses a high-powered laser to melt the ceramic surface with the melt debris 
being blown away by a gas jet. To minimize cracking that might otherwise result as a 
consequence of heating and cooling shrinkage, the workpiece is often heated prior to machining. 
Laser machining is used for drilling, cutting, scribing and marking. 


Laser Assisted Machining combines the use of a low powered laser with a conventional cutting 


tool. The laser heats and softens the work surface, making the cut material more ductile and 
therefore more easily removed than when only a conventional tool is used, and thus making it a 
faster process with less wear on the cutting tool. 


Ceramics and Ceramic Matrix Composite manufacturing techniques can be used to manufacture 
everything from regolith bricks and hull shields to high wear bearings and rocket motors. They 
are integral to producing electronics (capacitors and resistors), high refractory materials, 
including those for nuclear reactors, thermal insulators and much, much more. And, they are 
certain to play a significant part in building space arks. In our final chapter in this section we take 
a brief look at other manufacturing processes that will play a part in both building and maintaining 
spacecraft. 


Chapter 21: Other Manufacturing Techniques of Interest 


In addition to the manufacturing processes covered in the previous chapters, there are some 
novel and emerging technologies that bear consideration in their application to building 
and/or maintaining spacecraft. Among these are 3-D printing, specialized vapor deposition 
and electroforming processes, and robotics. 


The following passage on 3-D printing is excerpted and/or adapted from our previous book, 
Cosmic Horizons. 


3-D Printing. The 3-D printing process, although a very young technology, is one that is 
advancing very rapidly and one that holds a great deal of promise for applications to the space 
industry. 3-D printing operates on the “additive” manufacturing principle, using precise computer 
control using a CADD file to layer material until the object is completed. Early 3-D printing used 
a resin-based stereolithography (SLA) process employing a focused ultraviolet beam on a vat of 
liquid, photocurable resin (Figure 116). 
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Figure 116. Diagram of the SLA 3-D printing process. After Materialgeeza, Creative Commons License. 


Later, thermoplastic and metal wire Fused Depositional Modeling (FDM, Figure 117), was 
introduced. Printers using ABS plastic and then a biodegradable Polylactic acid (PLA) for 
modeling, a process currently used by the Mendel RepRap open source printer (Figure 118) are 


readily available and reasonably priced.. The Polyjet photopolymer process prints much like an 
inkjet and then uses UV light to harden and fuse the layers. Syringe extrusion uses viscous 
materials, including food-based materials, as printing media. In fact, NASA recently contracted 
an Austin, TX firm to produce a 3-D printer, using 30-year storable powders, oil, and heat, 
capable of replicating foods (pizza was the successful test bed example) on board spacecraft. If 
proven successful on a larger scale with a more varied menu, as it is anticipated to be, it should 
be available within the next decade or less. This would truly be a game changer for smaller 
exploratory craft where shelf life is critical and the storage and weight of food supplies is at a 
premium. For space arks, this can represent a readily available emergency food supply that can 
be replenished when needed by synthesizing the powders using the ark's agricultural base. The 
food replicator of science fiction fame may not be so far fetched after all. 
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Figure 117. Diagram of FDM 3-D printing. Fused deposition modeling: 1 — nozzle ejecting molten plastic, 2 — deposited material 
(modeled part), 3 — controlled movable table. Credit Zureks. Creative Commons License. 


Figure 118. The “Mendel” RepRap55 open source 3-D FDM home printer. Credit A. Bowyer. Creative Commons License. 


The Selective Laser Sintering (SLS - Figure 119) printer uses powdered materials (plastics, 
ceramics, glass, and metals) heated by laser to build parts and models. A problem that still exists 
with the SLS is that metal parts are not as strong as forged metals. Selective Laser Melting (SLM) 
and Electron Beam Melting (EBM) technologies are alternatives that help address this issue. 
Arcam AB of Molndal, Sweden recently displayed an EBM produced y-TiAl low pressure 
turbine blade at an exhibition. To top it all off, 3-D printers have been tested successfully in 
space (Figure 120). While many advanced manufacturing processes have yet to be proven in 
space, and many will almost certainly require facilities that have artificial gravity, 3-D printing 
works in microgravity, making it a true game changer, and one that will most certainly figure in 
the design of and use on extended mission spacecraft with or without artificial gravity capability. 


Powder delivery piston 


Figure 119. Diagram of SLS 3-D printing process. Credit Materialgeeza. Creative Commons License. 
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Figure 120. 3-D printer test in microgravity aboard the ISS. Credit NASA. 


Vapor deposition and Electroforming are two other processes of interest in space based 
manufacturing of metals and ceramics. Both of these processes are particularly adapted to 
producing thin-walled metallic or ceramic coatings, and parts, however some processes are also 
capable of producing powders and high purity bulk materials. Vapor deposition can either be 
done by chemical means (Chemical Vapor Deposition) or by physical means (Physical Vapor 
Deposition). 


Chemical Vapor Deposition or CVD is commonly used in production of electronics parts to seal 
and protect them. To accomplish this. a precursor gas or combination of gases are streamed into a 
chamber containing one or more heated objects to be coated (Figure 121). Chemical reactions 
occur on and near the hot surfaces, depositing of a thin film on the surface. At the same time 
chemical by-products are formed and exhausted out of the chamber along with any unreacted 
precursor gases. A large variety of materials can be deposited and there are a wide range of 
applications, so there are multiple variants of CVD. The process can proceed in hot-or cold-wall 
reactors, at pressures ranging from a partial vacuum to above-atmospheric. It can be 
accomplished with and without carrier gases, and at temperatures ranging from 200-1600?C. 
CVD may use enhanced processes, involving the use of plasmas(Figure 122), ions, photons, 
lasers, hot filaments, or combustion to increase deposition rates and/or lower deposition 
temperatures. 


(a): Source materials 
* carrier gas 


(b): Substrates 


(C): heater 
Figure 121. Schematic diagram of CVD system used for Ge-Sb-Te thin film deposition. Credit: Creative Commons via Wikipedia 
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Figure 122. Schematic diagram of a plasma CVD system. Credit: Creative Commons via Wikipedia 


Physical Vapor Deposition (PVD) is a method of depositing thin films on substrates under the 
influence of a vacuum and high temperature (Figure 123). The process is only physical means of 
deposition, such as vacuum evaporation under high temperature which is deposited on the 
substrate. Plasma spray PVF uses ceramic powder which is injected into a very high power 
plasma flame under a vacuum, vaporizing the powder within the plasma, and condensing on the 
target substrate. NASA has one of only two Plasma Spray — Physical Vapor Deposition (PS-PVD) 
facilities in the U.S [Figure 124], which they describe as a facility that *...allows for thin film 
deposition of ceramic coatings with the flexibility to deposit splat (liquid) or vapor coatings by 
varying the processing conditions... It is equipped with the latest in computer control and plasma 
spray processing systems. This dedicated research and development facility is primarily used to 
fabricate cutting edge single and multilayer environmental and thermal barrier coating systems for 
protection in extreme environments with thicknesses that are a fraction of current coatings." PVD 
coatings are generally stronger, harder and more resistant to corrosion, abrasion and very high 


heat, making them extremely durable. 
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Figure 123. PVD: Process flow diagram. Creative Commons via Wikipedia. 
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Figure 124. NASA’s PS-PVD Facility. Credit: NASA/Glenn Research Center. 


Electroforrning, a modification of the electroplating process, is a method of synthesizing a metal 
object or part by controlling the rate of deposition of a metal passing through an electrolytic 
solution to an accurately machined mandrel (often made of aluminum) having the inverse contour, 
dimensions, and surface finish of the finished part (Figure 125). Once the deposition is complete 
the mandrel can be physically removed or chemically dissolved. depending on the finished shape 
of the object. 
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Figure 125. Schematic of Electroforming Process. 


Robotics use in manufacturing is a reasonably mature technology. In fact, many of the 
manufacturing processes we have described in this section rely on robotics. Much of that 
technology can be adapted for use in lunar and space manufacturing operations and facilities. 
Modern industrial robotics perform activities that range from machining and assembling internal 
combustion engines to packaging home products and nearly everything in-between (Figure 126). 
They are tough and reliable, and they never complain if properly maintained. They are labor 
saving devices that can perform repetitive as well as highly complicated manufacturing activities 
with precision, speed and endurance. 
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Figure 126. Robotics in a modern auto assembly line. Creative Commons image. 


Adapting this machinery, particularly for forming and machining spacecraft components, for use in 
a space-based manufacturing platform is a matter making them of light weight, high strength 
materials such as composites, so the initial robotics can be transported to the orbiting or lunar 
facility at a reasonable cost. The first machines need to be those that make other machines, 
allowing them to create new machines using only raw or refined materials. Those types of 
machines already exist and have for many years. 


Beyond this, modern robotics have taken on the roles of reconnaissance, mapping, exploring, and 
prospecting. All of these will be essential tasks in a spacefaring society that can be performed 
safely from a command and control center aboard a spacecraft. In addition, robots capable of 
maneuvering about, building components, and repairing or performing maintenance on the exterior 
of a spacecraft have been under development since the 1970s (Figure 127) and will probably be 
available within the next ten to twenty years. For example, Tethers Unlimited is developing a 3-D 
printer robot to fabricate truss structures, etc. for in orbit applications under a NASA Innovative 
Advanced Concepts grant (NIAC Grant #NNX12AR13G) that has a deployment timeline ending 
in 2023, a mere eight years from the writing of this book (Figure 128). 
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Figure 127. General Dynamics-Convair’s 1978 Design for the SCAFEDS Beam Builder. Credit: NIAC. 
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Figure 128. Tethers Unlimited SpriderFab Bot. Credit: NIAC NNX12AR13G Final Report. 


For years we have been developing advanced robotics capable of performing enormously 
complex tasks. The capacity of computing is growing exponentially, while at the same time the 
hardware is becoming smaller and smaller. Cubesats capable of performing more than early 
satellites and probes are expanding our exploration abilities at a reduced cost. Imagine what data 
gathering potential there is for a spacecraft moving from location to location at high speeds and 
carrying thousands of these small sensors. Mapping extensive parts of the universe, determining 
the locations of habitable exoplanets, and transmitting this information back via hyper-speed 
communications may be possible, ensuring that our spacecraft will not be flying blindly into the 


unknown. 


We may well be on the verge of creating near-sentient robots using cybernetics as well. 
Cybernetics is not an easy term to define, but for our purposes, we will adopt A. N. 
Kolmogorov's definition, the *...science concerned with the study of systems of any nature which 
are capable of receiving, storing and processing information so as to use it for control." In this 
sense, cybernetics can form the basis for developing Artificial Intelligence (AI) using process 
algorithms and “bemes,” an artificial construct in, for lack of a better description, binary 
computer code that *...are fundamental, transmissible, mutate-able units of beingness very much 
in the spirit of memes. The difference is that memes are culturally transmissible elements that 
have common cultural meanings whereas bemes are highly individual elements of personality, 
mannerisms, feelings, recollections, beliefs, values, and attitudes.” Rothblatt points to Gordon 
Bell’s My Life Bits project as a form of beme storage. While Rothblatt has proposed a “Persona 
Creatus”, essentially a new species that exists in cyberspace on a “Beme Neural Architecture,” 
bemetic memories may prove useful in robotic applications for doing construction, maintenance 
and repair operations in hostile environments such as space and high risk chemical or nuclear 
reactor areas (Figure 129), as well as on deep space exploration craft that carry cryogenically 
stored life aboard (so-called Seed Ships). 


Figure 129. Robonaut2 developed by NASA and GM. Credit NASA. 


On a final note, in NASA's 1980 Advanced Automation for Space report, the NASA team 
concluded that, for a lunar manufacturing facility, only “four basic processes - plaster casting, 
vapor deposition, extrusion, and laser machining - are probably sufficiently versatile to permit 
self-replication and growth. These four techniques can be used to fabricate most parts to very 
high accuracy. Plaster casting was selected because it is the simplest casting technique for 
producing convoluted parts as well as flat-surface parts, to an acceptable level of accuracy. (A 


number of alternatives have already been reviewed in app. 4B.) The laser machining tool can 
then cut, weld, smooth, and polish cast parts to finer finishes as required. Vapor deposition is 
the least complicated, most versatile method of producing metal film sheets to be used as the 
manufacturing substrate for microelectronics components, mirrors or solar cells, or to be 
sliced into narrow strips by the laser for use as wire. The extruder is used to produce thread 
fibers of insulating material, presumably spun basalt drawn from a lunar soil melt..." Arguably 
an orbital manufacturing facility could be begun with a similarly limited number of process 
technologies that currently exist would allow it to self-replicate and expand both its platform and 
equipment. 


SECTION FOUR: BUILDING THE ARK 
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Chapter 22: First Things First 


Space arks largely will be built in space. While some components can be launched from 
Earth, it is an expensive proposition. Therefore, the first step to building a space ark is 
establishing an off-Earth manufacturing base. What, and how long, will it take? Here we 
review a logical approach to this challenge. 


Space manufacturing facilities will not appear out of thin air. They must be built. Initially, this 
will require transporting materials from Earth, but sending materials into space is tremendously 
expensive. So what is the best way to approach this? This has been a subject of study for at least 
three decades, gradually transforming as technology evolves. Our work here is derivative, it is 
not original. We build on what has been suggested before and what is being investigated today. 


The moon is the most likely target of the first non-terrestrial manufacturing facility, if for no other 
reason than it has the raw resources necessary to manufacture the components necessary to build 
both orbital manufacturing facilities and, indeed, many parts of the proposed space arks. In 
addition, its lower gravity makes transporting those components to a lunar or high Earth orbit less 
costly than is the case with Earth launched vehicles. The escape velocity (V,) from the moon is 
less than % that of the V, from Earth (see calculations below). 


The formula for escape velocity is: 
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Where: 
G is the gravitational constant; 
M is the mass of the body of the planetary object; and 
r is the radius of the planetary body or the distance from the center of gravity 


Therefore: 

Mass?" V. km/sec V. mph 
The Moon 73,600,000,000,000,000,000 kg 2.38 km/sec 5320.73 mph 
Earth 5,980,000,000,000,000,000,000kg 11.2 knysec 25038.72 mph 


In real terms this simply means that less thrust, and therefore less fuel is required for a rocket to 
reach orbit. That lowers cost significantly. Rail gun technology powered by solar energy to launch 
lunar payloads have been proposed. Establishing a moon-based manufacturing facility will not be 
cheap, however there are means to keep costs within reason with a good long-term return on 
investment. This means delivering a basic “tool kit" capable of refining the materials and building 
facilities on the moon's surface without having to rely on a constant flow of materials from Earth. 
*Tool kit" in this sense does not mean a box filled with screwdrivers, hammers, drills, and so 
forth. It means the basic equipment, habitat, and life support systems necessary to begin the task. 


Any lunar base will start with crew habitats and transportation. The technology for this already 
exists. While we use NASA's examples simply because they are in the public domain (we 
taxpayers fund their efforts), the European Space Agency (ESA), the Russian Federal Space 
Agency (RFSA), the Chinese National Space Administration, the Indian Space Research 
Organization, the Japanese Aerospace Exploration Agency (JAXA), and others all are 
considering, if not prototyping, the equipment necessary for commercial exploration and 
exploitation of lunar and space resources. NASA and its contractors have already built and tested 
prototypes such as the Habitation Demonstration Unit-Pressurized Excursion Model (HDU-PEM) 
the Moon Habitat, and the Deep Space Habitat, the ATHLETE Rover, the Space Exploration 
Vehicle (SEV( and the Lunar Electric Rover (LER). With the development of the Space Launch 
System (SLS) that is capable of a 70-ton payload capability, transporting the initial components 
for a lunar manufacturing base to lunar orbit and transfer to the lunar surface poses few technical 
problems. Assuming funds could be made available, it should be possible to put a base on the 
moon in as little as five years. 


Initially, habitats likely will be inflatable or partially inflatable structures. For example, although 
the HDU-PEM currently undergoing trials in the Arizona desert (Figures 130 and 131) is a rigid 
structure employing a steel superstructure and fiberglass panels (see specifications below), it 
could be redesigned to be an inflatable or semi-inflatable building. Instead of steel superstructure, 
ribs of AITi or composite materials integrated with inflatable vertical members and a composite 
fabric skin that can be stored in a collapsed configuration during transport would save both space 
and weight, allowing multiple units to be transported on a single launch. 


[HDU] Specifications 
Non-Flight Shell: Fight composite fiberglass, resin-infused sections from a single mold, 
supported by large, C-shaped steel ribs. 
Structure: Cylindrical with a vertically oriented axis, on top of a 13.8-foot square cradle. 
Volume: 1,978 cubic feet (56 cubic meters) in one story. 
Size: 16.4 feet (5 meters) inner diameter; 10.8 feet (3.3 meters) high, total (6.6 feet barrel 
height with two 2.1-foot end domes on top and bottom). 
Access: Three ports and one airlock. 


Figure 130. The HDU-PEM undergoing tests in the Arizona desert. Credit: NASA. 
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Figure 131. HDU-PEM layout schematic. Credit: NASA. 


An interesting facet of the HDU-PEM is that the unit is designed to be transported on the All- 
Terrain Hex-Limbed Extra-Terrestrial Explorer (ATHLETE), making it a “mobile home” away 
from home (Figure132) and able to accompany the Lunar Electric Rovers (LER). This makes a 
good deal of sense from the prospecting and development point of view. 


Figure 132. Artist's conception of HDU-PEM mounted on the ATHLETE with LERs in convoy. Credit: NASAS58. 


The Deep Space Habitat (Figure 133) is an HDU upgrade of sorts in that it adds an inflatable loft 
and a hygiene module. Specifications for this configuration are given below with the layout in 
Figure 134. As with the HDU, the flight configuration could be altered to be a compact, semi- 
inflatable structure for transport. The modifications to the HDU make the DSH model a fixed 
position unit rather than a mobile one. One can imagine a centralized base of HDU-DSH 
connected cluster with the standard HDU providing the adjunct mobile habitats described above. 


[HDU-DSH] Specifications 
Non-Flight Shell: Fight composite fiberglass, resin-infused sections from a single mold, 
supported by large, C-shaped steel ribs. 
Structure: Cylindrical with a vertically-oriented axis, on top of a 13.8-foot square cradle. 
Volume: 5,230.1 cubic feet (148.1 cubic meters) in two levels. 
Size: 16.4 feet (5 meters) inner diameter; 10.8 feet (3.3 meters) high, total (6.6 feet barrel 
height with two 2.1-foot end domes on top and bottom). 


Features: Inflatable loft, two docking ports, one hygiene module and one dust mitigation 
module/airlock. 


Figure 133. The HDU-DSH in the Arizona desert field trials. Credit: NASA. 
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Figure 134. HDU-DSH layout schematic. Credit: NASA.59 


Additionally, there are experimental designs and prototypes for completely inflatable space 
habitats such as Bigelow's Expandable Activity Module that is slated to be tested on the ISS 
sometime in 2015. If successful, Bigelow has another, much larger design, the BA-330 that it 
plans to launch as a private space station sometime in 2016. Although these are designed for use 


in orbit or space proper, Bigelow has a design adapted for use on the lunar surface, the Moon 
Habitat (Figure 135). One can imagine a multiple of these connected units forming a centralized 
living and control complex for lunar operations prior to more permanent structures being built. 


Figure 135. Bigelow's inflatable Moon Habitat. Credit: NASA/Bill Ingalls. 


Designs for more permanent structures and potential methods for building them are also on the 
drawing board and well within today's technological capabilities. Part of those capabilities come 
in the form of additive technology called contour crafting or Freeform Additive Construction 
System (EACS) - 3-D printing on a large scale. Using such platforms as gantry CNC or the 
ATHLETE, building large scale structures with regolith is possible (Figure 136). The process 
will most likely use solar-powered microwave sintering or concentrated solar heat?? to melt and 
deposit the regolith in layers. Configurations and masses for “Solar Sinterator" and “Solar 
Concentrator” ATHLETE packages are provided in Figure 137. There are. however, still 
significant challenges, some of which are listed below, and the timeline may be 10 - 20 years 
until this technology is fully mature, depending on the urgency and importance attached to its 
achievement. Urgency has always pushed the development and deployment envelope. 


e “Despite the known presence of water on Earth's moon and Mars, our knowledge of the 
resources (quantities, spatial distribution, characteristics) on both planetary bodies is 
still very uncertain at this time. In addition, the ground confirmation of large quantities of 
water in lunar and Martian subsurface will likely lead to its use (after energy-intensive 
extraction from the ground) as a source of oxygen and hydrogen to produce propellants 
and life support consumables, before being consumed in the manufacturing of concrete. 
[Note -sintering regolith does not require water unlike regolith concrete, therefore this does 
not enter into our consideration of constructing structures on the lunar surface]. 


e “The extraction of other in-situ binders on extraterrestrial bodies is challenging but may 
be a viable option if such resources are in concentrated ore or deposits. If the compounds 
being sought are too scarce in the regolith, such operation will increase the excavated 
mass by orders of magnitude thus leading to larger hardware mass, engineering 
complexity and multiply the failure risks for the whole process. In concentrated form, the 
binder may need to be pre-sorted and quantified before being remixed with regolith to 
obtain consistent finished products. 


e “Excavation of the various regoliths in planetary environments characterized for their 
vacuum conditions, very high temperature gradients, and significant electrostatic 
charging is a major engineering challenge. In terrestrial conditions, soil handling 
equipment display some of the highest failure rates and maintenance costs per operational 
hour among industrial processes in spite of a long history of practice and knowledge of 


soils. It is critical to use excavated regolith with maximum efficiency in the processed 
»61 


construction products. 


Figure 136. Freeform Additive Construction System (FACS) concept using ATHLETE. Credit: NASA/ 


Being able to construct everything from radiation shielding shelters to manufacturing units, to 
landing pads and roads from on-site (in-situ) materials will be far more cost effective than 
attempting to transport everything required to build a lunar manufacturing base facility from Earth. 
In fact current estimates put the savings figure in the trillions of dollars. Now imagine the cost 


savings for building an ark with products made on a lunar base that can be launched from low 
gravity, perhaps even by solar powered rail guns that require no chemical fuel whatsoever. That 
alone should provide the incentive to accelerate the pace of research and development of the 
tools and procedures necessary to make this a reality. 


Let us assume, therefore, that we can have the necessary technology to build a lunar manufacturing 
facility within that ten-year envelope. Our initial base, as previously pointed out, will be 
transported units such as the HDU and HDU-DHS with exploratory and excavation/construction 
mobility provided by either the LER or SEV and the ATHLETE platform. FACS packages and a 
primary tool package will also have to be transported for startup operations, but these can be 
replicated on-site once the first manufacturing facilities have been built. Once the basics have 
been delivered, fully robotic construction of primary structures for the base can begin. A variety 
of designs and construction processes have been proposed over the years, beginning as far back 
as the 1970s. Rather than delineate them, references for lunar construction concepts can be found 
in the general bibliography, Appendix A of this book. 
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Figure 137. Preliminary mass estimates for a microwave “Sinterator” and a solar concentrator FACS system concepts. Credit: 
NASA.62 


A fully functional manufacturing facility to build spacecraft in general, and space arks in 
particular, will have to have the capacity to refine raw materials into usable ones, shape and form 
them, join them, prepare components for transport, and transport them to lunar orbit for assembly. 
It will have to be a fully integrated and highly automated facility with foundry, forging, molding, 
casting, additive manufacturing, composite fiber manufacturing, ceramics manufacturing, 
machining, joining, and coating, with a full logistics capability for warehousing, packaging, and 
shipping. DARPA’s META® and Instant Foundry Adaptive through Bits (iFAB) concept provides 
a reasonable analog for a non-terrestrial manufacturing facility, therefore, based on this and 


various other research sources, we propose the following lunar manufacturing base concept. 


Model based systems engineering for manufacturing facilities such as that being developed for 
DARPA by PARC, can be tailored to non-terrestrial facilities by incorporating known factors 
about the extraterrestrial environment, current and emerging technologies that will work in those 
environments. The process for the automated tool chain for model based system engineering is 
given below. Using such a process can significantly aid the physical and workflow design of 
extraterrestrial facilities, thus avoiding unnecessary redundancy and improving efficiency. 
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Figure 138. The Model-Based Systems Engineering Process Flow.64 


The iFAB concept (Figure 139) provides a foundation for understanding functional requirements 
of a manufacturing facility, although in terrestrial practice this concept allows for geographical 
separation of manufacturing components and makes use of outsourced commercial off-the-shelf 
(COTS) technologies and products. In a lunar or space environment, opportunities for geographic 
separation and outsourced COTS items are significantly limited. Therefore, we must assume that 
proximal or co-located facility components and an ability to manufacture most of what will be 
required for a final construction of the manufacturing facility on-site will be necessary. This is 
one reason the initial tool kit must be carefully planned and assembled. It will serve as the 
foundation for the construction of all future facilities. So, what might the initial tool kit comprise? 
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Figure 139. DARPA’s iFAB Concept. 


Lunar Manufacturing Base - Initial Toolkit 


The toolkit for a lunar base will contain all of the components necessary to begin building the 
structure and infrastructure for an operational manufacturing facility, complete with habitable 
areas and life support systems for the human crew. This will include not only the mobile 
platforms and machinery required for construction startup, basic manufacturing equipment; and 
logistics modules; but also equipment for generating oxygen and water; and sufficient food 
supplies and plant growth chambers. We will assume that communications equipment is integral 
with the habitats and the mobile units. 


Habitats. The basic lunar base to support human explorations using multiple configurations will 
the HDU with various configurations (PEM, PCM, DSH) along with inflatable habitats ( refer to 
Figure 135) that are robotically assembled by the ATHLETE is well described by Howe, et al.9 
We will assume this configuration augmented with inflatable habitats to build a complex for the 
operational control system, laboratory, and additional life support systems such as an agriculture 
module for a 12-crew member startup. For this lunar base, we propose using the HDUs strictly 
for operational purposes and the inflatable habitats for dormitories, logistical storage, and 
agricultural purposes. Since the individual HDUs contain the logistical supplies and 
Environmental Control and Life Support (ECLS) systems sufficient for a 6-month stay, these meet 
our lunar base requirements for basic startup. 


Vehicles necessary for startup operations will include three pressurized LER or SEV (Figure 140 
and 141), variants of the Small Pressurized Rover and the ATHLETE Rover. Both of these are 


powered by advanced lithium batteries charged by solar arrays either on the vehicle or at a 
charging station. The SEV is radiation hardened and can serve as an emergency shelter during 
solar storms or other high radiation events. It has a range of approximately 125 miles and can 
support up to 14-day missions for two crew, enabling extended exploratory missions and it comes 
equipped with space suits that can be entered from a rear port on the suit, allowing the vehicle to 
remain pressurized when the crew members detach from the vehicle to perform necessary duties 
on the lunar surface. It is also equipped with a docking hatch, meaning the crew can couple with 
other SEVs or habitats and transfer without losing pressure. The vehicle is operated by a human 
crew member, while the ATHLETE is entirely robotic, capable of performing preplanned 
maneuvers via its onboard computer or by remote control by a human operator. For autonomous 
operations, the ATHLETE's computer is preprogrammed with software that delineates the precise 
motions needed to accomplish various tasks, which will include habitat array assembly in its 
unified as well as the detached “Tri-ATHLETE” form (Figure 141), logistical tasks such as 
retrieving supplies from landers, regolith excavation and moving, and so forth. It can also perform 
construction of regolith components and their assembly by docking with an FACS package (as in 
Figure 136), In addition, software programs can be uploaded as required either locally or from 
Earth. Two ATHLETE's are required for startup. 
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Figure 140. Space Exploration Vehicle with components indicated. Credit: NASA. 


SEV Specifications (Surface Version): 
Weight: 6,600 pounds 
Payload: 2,200 pounds 
Length: 14.7 feet 


Wheelbase: 13 feet 
Height: 10 feet 
Wheels: 4.7x39 inches in diameter, 12 inches wide 
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Figure 141. ATHLETE in a split Tri-ATHLETE form preparing to dock with and move a lunar habitat mockup. Credit: 
NASA/Research and Technology Studies (aka Desert RATS). 


Athlete Specifications: 
Weight: 2,340 kg (5,160 Ibs) 
Payload: 14,500 kg (32,000 Ibs) 
Length: 8.4 m (27 ft 7 in) 
Height (squatting): 1.1 m (3.75 ft) 
Height (max Lander walk-off): 6.4 m (21 ft) 
Wheels: 6 x 81.3 cm (32 in) 
Max step height: 6.5 m (21 ft 4 in) 
Max wheelbase: 9.4 m (30 ft 9 in) 
Max slope: rolling mobility 28 degrees 
Max slope: walking mobility 35 degrees (may be friction-limited) 
Max reach (using limb as arm): 15.5 m (50 ft 10 in) 


Manufacturing Equipment 


Startup operations for a lunar manufacturing facility will consist of very basic machinery 
necessary to initiate production of second generation equipment, which will produce third 
generation equipment, and so on. Four basic categories of equipment necessary to accomplish this 
were defined early on. They are: (1) casting and molding (powder metallurgy), (2) deformation 
(forming and shearing), (3) machining (milling, drilling, and lathing), and (4) joining separate 
metals. This basic package will allow for self-replication so a complete manufacturing facility 
can be built. Metzgar et al® have suggested that as little as 12 metric tons of payload can initiate a 
bootstrapping approach to a robotic self-sustaining, self-expanding lunar/space industry at 
relatively low cost. Their approach, however, may take decades to achieve full capability. With 
the development and construction large rockets such as NASA's SLS with its 70 metric ton 


capacity, human-crewed lunar operations become much more attractive, bringing the potential to 
achieve a high level of production much more rapidly. 


Separation of metals from surface regolith can be accomplished using the high voltage 
electrophoresis starter kit mentioned in Chapter 19 and further described in NASA Advanced 
Automation for Space Missions. A medium-sized unit, broken down into its components for 
reassembly on the moon, would take little space and add little weight as compared to other 
options. 


Separation of metals from regolith rock and basalts can begin with a solar or microwave 
furnace, provided some rudimentary physical separation (e.g., electromagnetic sorting) has been 
done. Small home-made solar furnaces using Fresnel lenses with solar tracking mechanisms are 
capable of reaching very high temperatures (1366.5°+K/2000°+F), with large commercial solar 
furnaces using large parabolic mirror arrays able to reach temperatures of 3773.15°K/6332°F. 
Heating or roasting, however, is only one step in smelting. The resultant material must then be 
reduced chemically. Use of acid leaching (e.g., hydrofluoric acid) presents issues with storage, 
leakage and exothermic reaction heat dissipation. Smelting with coke or charcoal as is done on 
Earth in a gas, electric, or microwave furnace, involves two items virtually non-existent in the 
lunar environment. Therefore, we must consider the use of thermal methods restricted to hot 
forming of intermediary products such as sheets, casts, and extrusions. In addition, the microwave 
or solar furnace can be used to melt basalt, which can be spun or fed through an extruder to 
produce reinforcing fiber for composites, or cast into sheets or bricks for various construction 
applications. 


On the moon or in space, the high voltage electrophoresis and gaseous carbonyl ferrous metal 
extraction and purification process provide the best options and can provide discrete metallic 
elements that can used to produce alloys via powder metallurgy in microwave furnaces or in 
sintering 3-D printers. Basic forming equipment for composites and metals such as the rolltruder, 
extruders for fibers and metals, a limited set of dies, a medium-sized hydraulic press, and a 
small metal rolling assembly will suffice for startup operations. While laser machining could be 
relied on for startup operations, a moderately sized CNC machining unit would increase 
production rates. Two 3-D printers, one for plastics and one for laser sintering, and a set of six- 
axis robotic arms complete the initial manufacturing package. As the lunar manufacturing facility 
expands with enclosed factory structures largely built by the ATHLETE rovers (Figure 142), 
additional crew and habitats can be added until permanent habitat facilities are constructed. The 
ultimate goal is to have fully pressurized and adequately shielded manufacturing and living units 
capable of supporting a sizeable workforce in safety and comfort within a ten-year span. 


Figure 142. Tilt-up Bunker Construction by the ATHLETE Rover. Credit: NASA.67 


There are several possible configurations for lunar manufacturing facilities, however we will 
presume that the first facilities will be constructed using the ATHLETE rover and sintered 
regolith. Figures 143 - 144 provide two potential conceptual configurations, although many more 
are possible. 
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Figure 143. Lunar Manufacturing Facility Concept Drawing 1 (Not to scale). 


In the above configuration, the layout is linear with the workflow progressing from left to right. 
Each factory module is connected by a large passageway/airlock to the other. This allows for 
movement between the modules without having to exit the complex while, at the same time, 
providing closing bulkheads in the event of a breach, thus providing a margin of safety much as a 
submarine or the ISS uses. Not shown on the schematic are docking ports at the rear of the 
modules that can accommodate surface transports to carry workers to and from the complex to a 
habitat complex located nearby. Also not shown are the solar arrays or, in the alternative, a 
nuclear power plant with power feeds to the complex. In this configuration, the solar arrays could 
be located atop or proximal to the complex, while a nuclear power plant would be located some 
distance away for safety reasons. Also not shown is a facility for heat modulation and air 
exchange and purification. The design concept is for a production facility capable of extracting 
resources from regolith and lunar basalt; produce metals and ceramics; form and machine them if 
necessary; creating precision parts through 3-D printing and performing welding of components; 
assembling components for transport to lunar orbit for final assembly; and providing the complex 
with logistical and shipping support, moving components to the launch facility located some 
distance away. 


The second configuration arrays the work centers around a central hub and features attached 
medical, storage, dining, recreation, and personnel living facilities connected by airlocked 
docking nodes. External nodes on each of the spokes allow for expansion of the facility as 
demands grow. The work flow is similar to the first configuration except that materials must move 
via the central hub from one work center to the next. This can be accomplished using programmed 
robotic transports much as are used in modern warehoused. Since most operations are anticipated 
to be done robotically, a sophisticated central control room is envisioned, making skeleton 
staffing in the operational centers possible. 
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Figure 144. Lunar Manufacturing Facility Concept Drawing 2 (Not to scale). 


Once the initial lunar manufacturing facility is built, self-replication of equipment and expansion 
of facilities can proceed until a large manufacturing complex is built and operational. With a full 
scale lunar manufacturing base, it will be possible to assemble orbital manufacturing facilities 
from components manufactured and transported from the lunar surface. Space arks can be built 
from components built on the lunar surface in concert with space-based manufacturing facilities. 
Assuming such facilities have been built, we turn our attention to the design and construction of a 
space ark and smaller exploratory craft they are sure to carry aboard. 


Chapter 23: Design Considerations for Space Arks 


Space arks are very large craft with a significant population aboard. This necessitates very 
real considerations of the individual needs of human beings, what is required to sustain life, 
maintain the ark, and provide a means to resupply and explore new worlds. Here we will 
provide a brief summary of factors that must be considered in design of such a large vessel. 


Interstellar travel, regardless of the velocity and acceleration involved, presents enormous 
challenges to crew survivability and sustainability. Before one begins a discussion on spacecraft 
design for interstellar missions, understanding the strengths and frailties of the human body is 
essential. Without this fundamental understanding, no dialog regarding deep space travel and 
exploration has any validity. What follows is by no means a comprehensive treatment of human 
strengths and weaknesses, rather it is a cursory discussion of characteristics particularly pertinent 
to what must be addressed in designing a spacecraft for humans. 


The human body is a remarkable biological machine, capable of healing itself to an extent, and 
acclimating to a variety conditions. It's greatest attributes are opposable thumbs and a brain 
capable of complex cognition. Those two attributes, more than anything else, have enabled 
humans to engage in adaptive behaviors that allowed and continue to allow them to exploit a wide 
range of environments. The ability to manufacture tools, shelter, and protective clothing 
compensated for natural weakness in strength and lack of the protective insulating mechanisms of 
other animals. It transitioned us from prey to predator without compromising the ability to use 
broad resources for food. In essence, these were the competitive advantages that permitted 
humans not only to adapt to, but dominate the environs in which they chose to live. 


Humans are, however, specifically adapted to conditions on the Earth's surface, and even then 
within a comparatively narrow range of limits. For example, humans can function successfully in 
temperatures ranging from >0° to «50? C (32? - 122? F); in atmospheres having 19.5% - 23.596 
oxygen content; water in sufficient quantity (typically 3.7 L/day for an adult male and 2.7 L/day 
for an adult female, although exertion, heat, and stress will raise the requirement)®; and a caloric 
intake (typically 3,000 for active males and 2,400 for active females 18-40 years). Outside of 
those limits and averages the human body suffers adverse effects. In addition to these basics, the 
human body requires trace minerals for proper metabolic functioning. Deficiencies in trace 
minerals translate into multiple adverse effects. This means that the water and nutritional 
requirements for the entire ark population will have to be met. Since full replication of a 
terrestrial environment inside a space ark is difficult, if not impossible to achieve with today's 
technology, a combination of consumable supplies and agricultural capabilities will required, 
with appropriate accommodations for them included in the design of the ark. 


The human eye is sensitive to ultraviolet and other radiation, changes in pressure, and is easily 
damaged by foreign objects. The vascular system, likewise, is sensitive to changes in pressure, 
temperature, atmosphere, and radiation. Any exceedance of human tolerance of these factors 
results in damage to the tissues and possibly death. Recent studies on radiation exposure have 


indicated that exposure to low level radiation may not be dangerous as government regulatory 
agencies would have one believe and, in fact may be beneficial." That not withstanding, the fact 
remains that high doses, such as those encountered in space and specifically those encountered by 
a spacecraft moving at high velocity through various high energy particles, would be lethal to 
crew without protective shielding. Any space ark's habitable and work areas will have to be 
radiation hardened. 


Low or microgravity has significant deleterious effects on the cardiovascular and muscular- 
skeletal systems of humans. While these can be ameliorated to an extent by resistive physical 
exercise, a rigid structured exercise program for all aboard a space ark is likely to break down 
over time. In addition, reproduction outside of our protective Earth environment is going to be 
necessary if we have any hope to explore the cosmos or colonize distant habitable planets. From 
experiments already done in micro-gravitational environments we know that reproduction 
processes do not function well under those conditions. For that reason alone, we will have to 
generate gravity identical or nearly identical to Earth's onboard the spacecraft or find alternative 
methods of reproduction and fetal development. Until we find an alternative method, this is 
accomplished by rotation that generates centripetal force, basically pressing objects outward. 


The human body's tolerance for external force is variable and dependent on the axis and duration 
of the force. Humans are, for example, ideally suited to function under the influence of Earth's 
gravity (1g). Generally, localized, instantaneous force of more than 100g is highly survivable, 
depending on where the force is applied, while sustained, non-localized force of 9g and greater 
without protective measures (e.g., a g-suit) is severely damaging and potentially fatal. This is an 
extremely critical factor in crew survival in high acceleration spacecraft. Acceleration and mass 
forces of interstellar spacecraft become primary considerations ahead of all others simply 
because the human damage potential is so great that little else matters if humans cannot be 
protected from their effects. Therefore, in our consideration of space ark design we will assume 
acceleration exert less than 5g at any given time and that materials of densities within a tolerable 
range are used. 


The physical health of humans on the vessel will be of critical importance to mission success. 
That means virtually any contingency will have to be planned for prior to embarking on deep 
space travel. Initially, crew will have to be screened for optimal health characteristics. In our 
initial forays into deep space exploration this means that the crew will have to be as close to 
genetically perfect as possible, free of congenital defects and with naturally strong immune 
systems, excellent bone density, and high intelligence. Crew also need to be selected for 
metabolism rates that are within a normal range, neither too high nor too low. It is possible that in 
the near future we may be able to enhance individuals using genetic engineering and/or 
nanotechnology. Of course this raises significant philosophical and moral questions as with 
eugenics, a movement begun in the 1930s to select for genetically superior humans, however 
genetically and technologically enhanced humans may help ensure the survival of the species sent 
to explore and colonize the cosmos. Regardless, complete medical facilities with laboratory, 
diagnostic, treatment, operating room and in-patient care capabilities, as well as qualified 
medical personnel will be required for space arks. 


Also related to physical health is the need to handle waste produced by humans. This will require 
sophisticated waste treatment and recycling facilities to be integrated into the design of the 
spacecraft. Wastes from normal bodily functions average about 0.87 kg/day (or 1.92 Ibs./day) 
based on average numbers”'. Based on a minimum viable population for a space ark of 14,000 
individuals”, 12.180kg or 26,880 lbs. of human waste per day will have to be processed. 
Agricultural wastes can add significantly to that volume. The most efficient way to process that is 
by rapid desiccation (heating), recovery and purification of the liquid component, and agricultural 
recycling of the dry mass. Purification of the liquid component can be done by a combination of 
distillation and water wall technology to keep up with demands. Collection and refining of 
methane from these and agricultural wastes could be used to replenish chemical propulsion 
supplies as well, so that should figure in to the design as well. 


Equally important is the psychological health of the population. Part of this will be determined in 
the selection process, part in the command and control system implemented that will be 
considered in a later chapter, but part will be in the design of recreational, community, and 
entertainment centers within the ark. Careful attention must be paid to the individual and 
collective needs of the population in the design of these components. 


Water in a spacecraft must be considered a “frenemy” because, while human life and agriculture 
are dependent upon a constant water supply as well as the radiation protection it can provide, 
water is also hazardous to the ship's structural and electrical components. Therefore, the concept 
of open pools of water as proposed by O'Neill and others for their orbiting habitats will be off 
the table in a space ark and environmental moisture will have to be carefully controlled by the 
ship's environmental systems. 


Maintenance and repair of the ark is a key consideration as well. Any well designed engineering 
section will have the capability to replicate parts, a stock of replacement materials for 
fabrication, and the tools to make repairs. In short, it will have to include a fully equipped 
machine and repair shop capable of addressing everything from hull damage to computer repair. 


Robotics will play an important part in space arks. From six axis articulating arms used in 
manufacturing to robotic exploration probes, robots can perform multiple tasks that would 
otherwise require additional crew. To limit human exposure in the space environment, it is almost 
certain that a space ark will have robots aboard capable of performing exterior maintenance on 
the ship. Therefore a robot storage and maintenance facility for these will have to be integrated 
into the design. Robots configured to have a storage configuration that is more compact that it's 
deployed configuration will minimize the space requirements and make securing them during 
acceleration and braking events much easier. 


Given that the ark will be a generation ship, provisions must be made for education, both of the 
young and continuing education for adults. This requires classroom complexes with the resources 
necessary to provide a quality learning experience that includes *hands-on" as well as virtual 
opportunities to learn. Since the ship will be absent from Earth's influence, a digital library 
encompassing as much of the world's knowledge as possible should be available. Fortunately 
digital storage capacities are improving constantly and what would have taken a room sized 


computer can now be stored on relatively small devices. These, however, must be monitored for 
degradation and be backed up as necessary. That will require redundant hardware, which affects 
the total mass of the ark. 


Although this is by no means a complete accounting of design requirements for a space ark, it 
provides a rudimentary idea of the complexity of these vessels. Add to that a requirement to 
balance the loads to maintain a null pitch and yaw of the spacecraft and you can begin to 
understand the difficulty of the final design of a space ark. Our approach to design, therefore, will 
focus on component requirements without delving into balance requirements. Nor will we settle 
on a specific configuration other than aspects of the habitable toroids. for the spacecraft. We 
leave for the fine points of design and configurations for engineers and spacecraft designers 
develop. The design drawings we offer are simply potential configurations with only sufficient 
detail is provided to give the reader an understanding of the complexity of the craft and still 
provide some idea of what it could look like. 


We do, however, suggest that core plumbing and electrical power components be used so they can 
be replaced readily in the event of wear or failure. This involves using a sectional approach with 
shut off switches or valves that can isolate the problem area, allowing reasonably simple 
extraction and replacement of the faulty part, which can then be sent to the manufacturing center 
for repair or recycling. Ideally, each section of the main toroids will be semi-autonomous in that 
most functions can be localized and each section will be capable of supporting life independently 
in the event of a hull breach or other emergency until repairs can be made. 


With these factors in mind, let us examine the functions and requirements of the major components 
of a space ark and propose construction materials and configurations that will meet those needs. 


Chapter 24: Space Ark Propulsion and Power Systems 


As noted early on in this book, space arks will have to be designed around the primary 
propulsion and power systems. Thrust and acceleration, along with the potential for 
radiation hazards related to propulsion will be determinant factors in the positioning of the 
crewed portions, total mass, material requirements, and structural design of the spacecraft, 
therefore understanding which propulsion systems will provide the power necessary, the 
redundancies necessary, and the fuel storage requirements are critical to space ark design 
Power systems separate from propulsion are necessary for life and subsystems sustainment 
are described and discussed. 


As presented in chapter ten, nuclear propulsion seems to offer the best primary propulsion option 
for space arks. While fusion propulsion offers the ideal option, it has yet to be successfully 
demonstrated. Nuclear Pulsed Propulsion, such as proposed in the Orion project, that requires 
nuclear bomblets to be detonated behind the spacecraft is untenable for a space ark. Likewise, the 
Fusion Driven Rocket^, a direct conversion of fusion to propulsion, now in the early planning 
stages, will require years, perhaps decades to develop and test. In our view, nuclear propulsion 
will be of two proven types, nuclear thermal rockets (NTRs), such as the NERVA hydrogen 
plasma engine, and nuclear-electric ion engines. For redundancy, we also consider chemical 
(methane) rocket engines in outboard pods since methane is readily stored and can be produced 
onboard from biological waste products. To augment these propulsion systems, we also include 
solar sails that can be deployed and then retrieved when not in use. An added advantage to solar 
sails is that they can be used for braking maneuvers, thus saving fuel that might otherwise be used 
for this purpose. 


Nuclear Propulsion Systems. 


The NERVA rocket engine, or some modern upgrade of it", meets the requirements for a main 


power plant. Whether a single rocket motor or a cluster will be required is dependent on the mass 
of the overall spacecraft and the maximum velocity one wishes to achieve over a relatively short 
period of time. The fact that these engines can be started, stopped and restarted multiple times 
makes them ideal for a long distance/duration spacecraft. Figure 145 provides the overall 
dimensions and general schematic for a NERVA II engine. In addition, while the NERVA engine 
uses hydrogen as the propellant gas, theoretically any gas can be used. Methane might be a highly 
suitable choice as an alternate propellant. As noted above, it can be produced onboard the 
spacecraft or it can be obtained enroute from planetoids with naturally occurring methane such as 
Titan. In addition, it is readily stored for prolonged periods without suffering tank leakage or boil 
off as does hydrogen. Since methane can also be used for the chemical propulsion system, a single 
tank design would suffice for both the NTRs and chemical rocket propellant needs, although they 
may be produced with differing specific configurations (e.g., spherical or cylindrical). 


Conventional wisdom dictates that nuclear rocket motors be shielded and positioned some 
distance away from the vessel's payload and human cargo to prevent contamination by the gamma 


radiation they produce unless the “nuclear lightbulb” rocket engine (Figure 146) proves feasible 
within the near term. This is currently a hypothetical gas core NTR engine that produces radiation 
in the ultraviolet range, which is benign compared to the gamma radiation produced by 
conventional NTRs. For the purposes of our discussion using currently available technology we 
assume the latter will be used. Therefore, in addition to the shield on the NERVA II engine itself, a 
cluster of cylindrical or spherical tanks containing liquid hydrogen and/or xenon for the nuclear 
rocket motors may provide some shielding for the craft, but a highly refractive disk-shaped shield 
placed at an appropriate distance between the rocket motors and the body of the spacecraft will 
probably be needed as well. The main body of the spacecraft will need to be radiation hardened 
to protect the spacecraft not only from the radiation generated by the nuclear rocket motor(s), but 
from the cosmic radiation that is inescapable in space. 
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Figure 145. Schematic of the NERVA II Rocket Engine. After NASA TM X-1685. Nov. 1968. 
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Figure 146. Schematic of the Nuclear Lightbulb Gas Core Rocket Engine. Credit: NASA Glenn Research Center.75 


The nuclear engine bus we use for illustrative purposes for our proposed space ark will consist 
of a cluster of four peripherally located NTRs with a single nuclear-electric ion engine"? located 
in the center of the bus with a nozzle that is slightly recessed from the main NTR nozzles to 
protect it from both the heat and direct radiation of their exhaust (Figures 147 and 148). Clearly 
other configurations are possible and the ultimate arrangement and number of nuclear engines in 


the propulsion bus will be determined by the design engineers based on the final mass of the 
entire spacecraft and fuel loads. Nonetheless, we propose this arrangement because it allows for 
utilization of two opposing or four NTRs simultaneously without compromising the stability of the 
spacecraft. If we assume methane as the propellant, its long term storability without leakage or 
boil off, the entire fuel mass need not be expended in a single long burn and, as noted it can be 
replenished enroute which means the storage tanks need not be extremely large. It also means that 
the initial fuel weight will be less. This will allow the NTRs to be turned on and off to achieve 
the desired velocity or to make major adjustments to the trajectory (here we assume the nozzles 
are gimbaled). The effect is three fold. First, it extends the life of the reactors, and conserves fuel. 
Second, it allows the ion thruster to be used for long-term propulsion, gradually increasing 
velocity without placing undue stresses on the spacecraft. And third, the overall mass of the ark is 
reduced. Four NERVA II rocket engines will produce 353,804 kgf or approximately 780,004.30 
lbf of thrust at full throttle-up with an I,, of 825. The ion thruster produces .5 N or approximately 
.1 lbf but at an I,, 10-12 times greater than chemical systems, providing constant acceleration 
over a long period of time. 


The nuclear propulsion bus will need to have an outer hull to provide micrometeoroid protection 
and structural support for the propulsion components. An inner hull and support members of TiAI 
for attaching the nuclear rocket engines should suffice for structural needs, while an outer shell of 
composite Micro-Meteoroid Orbital Debris (MMOD) fabrics or regolith will provide 
micrometeoroid impact protection. In a recent study NASA found that MMOD blankets can be 
made cost-effective by using E-type fiberglass fabrics in conjunction with Kevlar?, rather than 
using a ceramic fiber fabric. Cost wise, the ceramic fiber fabric typically runs from $300-500/ 
per kg, while E-type fiberglass is about $30/kg, a mere 1096 of the cost of ceramic fiber fabric. 
When coupled with internal layers of Kevlar, a 3-layer Whipple shield (Figure 149) using 
fiberglass fabric performs as well or better than one using ceramic fiber fabric and almost as 
well as a 5-layer MMOD blanket" (Figure 150). The Integrated Multilevel Insulation blanket 
integrate insular qualities with micrometeoroid and orbital debris protection, making it ideal for 
protecting cryogenic tanks. Due to the duration of a space ark mission and the unknowns it might 
encounter, the 5-layer IMLI is the realistic option for protection from micrometeoroids and other 
space debris. For maximum protection, the IMLI blanket could be sandwiched between the hull 
and external ceramic-aramid composite armor tiles (Figure 151). 
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Figure 147. Side View: Potential Configuration Schematic of a Space Ark Nuclear Propulsion Bus. Radiators not shown. Note: 
Methane may be substituted for L2. 
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Figure 148. End View: Potential Configuration Schematic of Space Ark Nuclear Propulsion System. 
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Figure 149. Schematic of a Whipple MMOD Shield. Credit: NASA. 


Propellant tanks are arranged around and connected to the truss forward of the main propulsion 
bus. This arrangement not only brings the propellant proximal to the nuclear engines, it provides 
additional shielding from radiation for the crewed portion of the spacecraft. As with the main 


propulsion bus, the fuel tanks will need to be protected from micrometeoroids and space debris 


Kevlar 


MOD Shielding Redundant Bladders 


| 
| 
Restraint Layer 


External Thermal Blanket Internal Scuff Barrier 


Figure 150. Multilayer MMOD Protection for the Proposed ISS TransHab. Credit: NASA. 
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Figure 151. Schematic of IMLI Protection as Modified for the Space Ark (not to scale). 


Since the crewed part of the spacecraft must be shielded from radiation produced by the NTRs, 
the main propulsion bus must be separated by a significant distance from it. Two options exist to 
accomplish this. A thrust truss or an extended cylinder can connect the main propulsion bus with 


the crewed spacecraft. A thrust truss differs significantly from lower stress trusses such as those 
used on the ISS, but since the NTRs can be throttled up resulting in a gradual increase in velocity, 
lower forces than those that would be experienced with solid propellants are possible. For our 
conjectured space ark, we prefer an extended modified polyhedron truss constructed with tubular 
TiAl pipes (Figure 152) over a connecting cylinder primarily for mass considerations, however 
an access tunnel running the length of the truss might prove useful for access to the propellant 
tanks should repairs be required. A shock absorbing system mounted at the distal end of the truss, 
just forward of and connecting to the nuclear propulsion bus will lessen the strain on the truss 
when the engines are initiated. The design of this system would be similar to that envisioned for 
Project Orion, although it need not be as robust (Figure 153). 


Figure 152. Schematic of Polyhedron Connecting Truss. 
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Figure 153. Schematic of Shock Absorbing System for Nuclear Propulsion Bus. 


Chemical Propulsion 


The chemical propulsion system in the proposed ark provides propulsion redundancy for the main 
nuclear propulsion units. It can be employed either independently or in concert with the main 


propulsion units if needed. To ensure that the spacecraft has propulsive power in the event of 
damage to or jettison of the main propulsion bus, this system will be contained in two pods 
attached to the main power/logistics cylindrical pod and canted outward to prevent damage to the 
nuclear propulsion bus and the the truss connecting it to the spacecraft. Each pod will contain two 
RD-0120M-CH (or modified derivatives thereof), a large methane fuel tank, and two LOX tanks 
(Figure 154). The struts provide both support and a conduit for refueling lines. 
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Figure 154. Space Ark Schematic of Chemical Propulsion System. 


Methane is a natural byproduct of biological degradation and can be captured from on-board 
agricultural and human waste treatment, purified, compressed and pumped to the fuel tanks to 
replenish supplies or it can be obtained in transit from planetary methane stocks such as that found 
on Titan. Similarly, excess oxygen produced by agricultural endeavors aboard the spacecraft can 
be processed, compressed and pumped to the LOX tanks. With proper maintenance, the chemical 
propulsion system can last for many years and can be repaired in transit if necessary. As a 
precautionary measure, replacement units should be included in the ships logistical supplies. 


RD-120M-CH Specifications 


Thrust (vac) kgf 175,391 
ISP sec 372 

ISP (sea level) sec 372 
Time Sec Not available 


Gross Mass kg 
Empty Mass kg 


Mass Engine kg 2,600 


Diameter m 2.4 


Length m 4.5 
Pressure bar 186.00 
Area Ratio 85.70 
Chambers 1 
Propellants LOX/LCHA 
OF Ratio 3:4 


Four RD-120M-CH rocket engines would produce a combined thrust of 701,564 kgf or 
approximately 1,546,683.87 Ibf at full throttle. 


Power Systems 


Main power will be provided by four LFTRs located in the Engineering sections of each torus 
pair of the spacecraft. The driving force for this choice is safety. In addition, abundant spent 
uranium fuel from the world's pressurized water reactors can provide the fissile material to 
initiate the reaction in LFTRs”. The rotation of the torus provides the artificial gravity necessary 
for the reactor shut-down systems to properly function. To maintain proper balance of forces 
during spin two reactors will be located on opposing positions in the ventral torus on rear pair 
and two opposing on the dorsal torus of the forward pair (Figure 155). An LFTR capable of 
producing 14 MW of power measures approximately 100' w x 200' | x 60' high. Therefore, two of 
the reactors would be active producing 28 MW of power, enough for a population of 14,000 plus 
all other spacecraft systems, and two would be held in reserve. If a 100 MW plant requires 100 
kg” of spent fuel to begin fission, it follows that a 14 MW plant will require 14 kg, meaning a 
sufficient supply of shielded fissile material to last 1,000 or more years could be stored for use in 
a pod on the ark. Note: scalable factory production of LFTRs is anticipated within five years, 
well within the envelope for building a space ark. Our design criteria calls for use of the 
supercritical CO2 Brayton Cycle coupled to the generator. 
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Figure 155. Schematic Representation of Torus With Reactors (not to scale). 


Assuming a maximum useful core life of 30 years, additional cores and fuel would have to be 
carried onboard. Each pair of LFTRs would operate for thirty years, in an alternating fashion, 
with maintenance, core replacement, and refueling accomplished during a reactor’s idle time. 
Power distribution for each torus pair and the main spacecraft fuselage would be via power feed 
cables running through the service access struts and down the main hub axle. Standard 110 and 
240 volt single phase systems would serve most modules, while 3-phase systems would be 
available to the manufacturing, repair shop, logistics, and, possibly, agricultural modules. The 
main transformer station will be located in a module adjacent to the reactor and generator, with 
transformer substations located in an engineering module in each habitable torus. 


Each torus, the main fuselage, and command/control module will be equipped with power 
subsystems that include active and passive power systems mated to rechargeable lithium ion 
batteries for emergency purposes. Radioisotope Thermal Generators (RTGs) could be of use if 
they were maintained in an unfueled state until needed. This requires handling Pu-238, a powerful 
alpha emitter, but still safer than Uranium, which emits alpha and beta particles as well as gamma 
radiation. The inherent problem with RTGs is the extremely limited supply or Pu-238 (only 
around 20 kg in the U.S.) and no current production. Almost all of the Pu-238 is allocated for use 
by NASA and DOE, therefore RTGs are off the table unless production can be restarted and 
operated on a scale large enough to accommodate these types of spacecraft. Even then, once 
started, they can not be turned off, making RTGs more suitable for satellite probes than an 
alternative system. Therefore, our design would call for using advanced fuel cells and deployable 
solar collectors for each torus, as well as deployable and recoverable solar solar panel arrays 
along the central fuselage of the space ark that can be adjusted to maximize solar exposure. Banks 
of Li ion batteries in the individual modules of each torus will provide electrical storage for 
emergency purposes. 


Chapter 25: Designing the Superstructure, Outer Hulls, and 
Toroids 


The superstructure and hull of any human-crewed spacecraft are the first lines of defense in 
the hostile environment of space. They form the protective womb for life, providing strength, 
support, and a protective layer against external threats. Here we review proven materials 
and explore designs that apply to building the superstructures, outer hulls and toroids of 
long distance/duration spacecraft. 


Superstructure and Structural components. The stresses that will influence the structural 
design of our space ark include those derived from acceleration, internal pressure, and rotation 
(compressive, tensile, and shear stresses). Modern spacecraft currently employ aluminum and 
aluminum alloys (particularly Al-Ti) with composite antierosional coatings along with titanium 
longerons and these probably will continue to form the superstructure of spacecraft into the future. 
The primary reasons for this are aluminum's light weight and availability and the structural 
strength contributed by titanium longerons. Super alloys, such as aluminum-beryllium (Al-Be) 
offer excellent properties of tensile strength, a high elasticity modulus, resistance to neutron 
penetration, electrical conductivity, and excellent thermal properties that make it useful as a heat 
sink.9??, The cost of Al-Be alloys, however, may be prohibitive. 


The superstructure and internal structural skeletons form the main framework for the external and 
internal components. The main ribs of our space ark superstructure will be formed from Ti-6AI- 
4V (Grade 5), as will the bulkhead framing that joins the outer hull to the inner hull. As with 
current practice, aluminum components of the superstructure likely will continue to be perforated 
with lightening holes, to save weight without sacrificing structural strength. Antierosional coating 
of aluminum parts is critical to extending the life of the aluminum. Undoubtedly advanced 
composites will be used throughout the spacecraft and may be used for hydrogen and other fuel 
storage tanks, although balloon tanks constructed of 5083 H116 aluminum or similar materials 
with internal reinforcement may be a better choice for cryogenically stored fuels in terms of 
durability for extended duration and distance spacecraft. We anticipate that much of the internal 
deck structure will be made of advanced composite laminates. Laminates are lightweight, 
extremely strong, and resistant to corrosion. One of the current disadvantages to composite 
laminates is that they can be labor intensive and some, under certain conditions, tend to 
delaminate. This is being addressed through automated layup, rotational molding and advanced 
epoxies. In the future, one can expect that manufacturing methods will improve through the use of 
robotics, 3-D printing and other advanced processes. This will increase the production rate and 
lower the costs of composite materials for spacecraft construction. 


We envision building the superstructure and hull in modules either on the moon or in a space- 
based facility (should that be constructed before beginning the space ark). Building these in space 
or on the moon will greatly decrease or eliminate launch costs. We also believe that a modular 
design is critical to assembling the space ark in the easiest and safest manner. Each module will 


be equipped with one male and one female docking structure so that the ark can be assembled and 
finished in space. The modules can be moved into position by small booster units and docked 
together much like a space capsule docks at the ISS. This can be done for the main fuselage as 
well as the toroids. The fine maneuvering required to fit the toroid axles and hubs to the fuselage 
can be done using robotic and manned tugs. 


Hull/skin. The outer skin must perform two major functions. One, it must protect the craft from 
impacts, especially micrometeoroids, which means it will have to have a high strength to weight 
ratio. Titanium or its alloys, such as Ti-4.5Al-3V-2Mo-2Fe (weight = 0.164 Ib/ir?), probably 
offer the best option for this task, although layered composites also may be a viable option. 
Second, it must provide primary shielding from radiation and heating. High temperature metals 
like Rene-41, a nickel based alloy and Hastelloy? (typically made up of at least 4096 of nickel, 
10-20% chromium, up to 10% aluminium and titanium, 5—1096 of cobalt and small amounts of 
boron, zirconium and carbon used in jet engines and rocket nozzles), offer heat and some 
radiation protection, but weight considerations make these unlikely candidates for the outer hull. 
The addition of sophisticated metamaterials employing transformational optics, perhaps coupled 
with a magnetic field generator, could provide at least a partial solution to incoming cosmic 
radiation, however these technologies are not fully mature. Therefore, radiation protective 
materials, including layers internal to the skin will be necessary. Currently available lightweight 
materials that block radiation and serve as heat transfer barriers, such as aerogels, polyethylene 
blocks, composites integrating fabric barriers such as Demron?, and/or carbon nanotubes filled 
with hydrogen, doped with boron and lithium, offer viable solutions to radiation and thermal 
risks, especially if used in combination or layers. As noted in our previous book, The Cosmic 
Wanderer, water walls are also useful in blocking radiation, as well as in recycling wastewater 
used on the spacecraft. The hull of any galactic or interstellar craft will need to be ruggedly 
constructed. A potential configuration of the outer hull and superstructure is provided in Figure 
156, followed by an enlarged image of inset image, which in turn is followed by images of 
components listed on the right of that figure. 


Primary protection from thermal extremes and micrometeoroids and other space debris will be 
provided by a Integrated Multi-Layer Insulation - Micrometeoroid and Other Debris (IMLI- 
MMOD) outer layer covered by ballistic tiles or regolith (Figure 158). These will be designed as 
integrated and replaceable structures bonded to the main hull. If regolith tiles are used, they will 
provide some primary protection from radiation. Additional protection from radiation and high 
speed neutrons will be provided by a radiation resistant/thermal protection layer of materials 
(Figure 159) and a Water Walls Integrated Module (Figure 160). To inhibit transmission of fast 
neutrons through the superstructure, those components will be surface coated with a thin layer of 
boron. The inner hull will be separated from the outer hull by a series of bulkheads integral with 
the docking structures so that each module is an air tight compartment in the event of a hull breach 
on one or more of the other modules. As an added protection, the inner hull will be pressure 
isolated from the outer hull and equipped with access air locks. 
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Figure 156. Schematic of Proposed Space Ark Hull Design (not to scale). 
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Figure 157. Schematic of Outer Hull Protective Structure for Space Ark (not to scale). 
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Figure 158. IMLI-MMOD for Proposed Space Ark (not to scale). Repeated from previous chapter for clarity of hull structure. 
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Figure 159. Thermal and Radiation Protection for Proposed Space Ark (not to scale). 
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Figure 160. Water Walls Integrated Module. Credit: NASA. 


The outer hull protective structures will be sandwiched between the outer hull skin and inner 
access panels made of high-strength composites that can be removed for maintenance and repair. 
This is particularly important for crew to be able to replace water wall components in the event 
of clogging or failure. A vacuum collection system that will self-activate should any rupture in a 
water wall component occur will be integrated into the panel system. In addition, apertures in the 
access panels will allow light from an outer hull balanced lighting system to reach the water wall 
cells containing cyanogen algae to promote growth of the algae. 


Toroids. The hull structure of the toroids and exposed sections of the main axles will be 
constructed in the same manner as the rest of the ship's hulls as described in the passages above. 
Toroidal stresses, however, will be compound stresses involving linear shear, rotational shear 
and, on the hub mating surfaces, friction stress. To compensate for these stresses on the large 
(1,000m diameter) toroids and their mounting structures, the axles and service and passageway 
spokes will have to be very robust with integrated cross-bracing members (Figure 161). To 
reduce friction, the hubs will be mounted on sealed, low-friction ceramic bearings. Hubs will be 
mounted on opposing sides of the exterior of the fuselage 


Figure 161. Cutaway view of torus axle showing hub (fuselage mounted) and structural support. 
Vertical longerons not shown. 


Recalling the requirements for producing a 1g environment while minimizing the rotational speed 
and tangential distortions, the toroids employed will need to be a minimum of 1,000 meters 
(3280.83 feet) in diameter. The relatively low rotational speed required of large toroids to 
achieve comfortable artificial gravity lowers the structural stresses on them, minimizes motion 
sickness, and reduces the coriolis effect. Calculations are shown below. 


R-500m 


A 


Angular Velocity (œ) is œ% 4&8 
(71.337 rpm (rounded to thousandths) 
Tangential Velocity (V) is V% «4:8 
V=70.024 m/sec (rounded to thousandths) 


Centripetal Acceleration (A) 
A=1.0g at the outer edge 


A= *0.97 at the outermost deck level and A= *0.67 at the innermost deck level, assuming a torus 
cross-sectional diameter of 150m or * 492ft. This assumes ~50ft (15.24m) of space between the 
outer and inner hulls for utility infrastructure in (or ~ 25ft from inner hull to outside wall and ~ 
25ft from inner hull to inside wall) of torus. This means that ~ 442ft cross-sectional elevation 
remain for decks if one assumes a 10ft/deck height to accommodate infrastructure, floors and 
ceiling structures, although actual deck arrangements will vary according to specific use 
requirements. For example, the headspace in modules containing the nuclear reactors will be 
much greater than those used for habitable and administrative decks. Similarly, decks for 
manufacturing and maintenance modules will be designed around specific operational 
requirements. All of these will have to be designed to maintain the rotational equilibrium and 


balance of the toruses and overall spacecraft. Again, this will have to be determined by design 
engineers. 


The calculations for the total volume and surface areas of the toruses are shown below. 


Volume of a Torus where diameter = 1000m. 
V = Vm (Rr) (R-r)? = 41?:(500*350):(500-350)? ~ 47,189,046.042708m'/torus 
Where: V is the volume, R is the outer radius and r is the inner radius 
Total V 4 toruses = 188,756,184m° 
47,189,046m?/torus therefore the total volume of 4 toruses = 188,756,184m? 


Less 20% for internal structures and infrastructure/torus (nv) = 9,437,809.2mr. or 37,751,236.8nv 
for 4 toruses. 


Net usable space per torus = 47,189,046n? - 9,437,809.2m? = 37,751,236.8nv 
Net usable space for 4 toruses = 151,004,947.2nr 
Surface Area: S = n? * (R? - r°) 
= n? *(500? - 350?) = 1,258,374.5611389m"/torus 
Total S 4 toruses ¥ 5,033,498.24n* 


Space requirements for a population of 14,000 passengers plus a flight crew of 150. For our 
space ark we will assume a population of men, women and children of 14,000 souls. While these 
individuals will form the business, labor, and professional community, a separate flight crew will 
be necessary to attend to the actual performance and maintenance of the crafts systems and 
subsystems. Flight crews for future generations will be chosen and trained from among candidates 
in the overall population based on aptitude and trained in the appropriate skill sets during transit. 
Thus, we have an initial total population of 14,150 individuals on the space ark. It is likely that 
the population will vary somewhat over time, so additional space allocations will be made for 
slight increases in population, however, strict upper limits on the population will have to be set 
and adhered to in order to sustain the mission. Therefore, we will establish an arbitrary upper 
limit of 14, 250 passengers. The flight crew will remain stable at 150. 


For this type of mission, we will assume slightly more space per person than that which was 
proposed for space settlements. We offer the following space requirements for a population of 


14,150. 


Living space. Assuming an average 1500ft? living space per family unit of two adults and two 
children and 10 ft ceilings, the per person requirement is 3,750ft? (or &106n») or a total living 
space requirement of 53,062,500mr. 


Community, business medical, and administrative space. We will assume 40m’ per person for 
these purposes (exclusive of manufacturing and maintenance facilities) for a total space 
requirement of 566.000mr. 


Agricultural space. Assuming a 7,500ft? per person agricultural requirement (for maximum 
production) with 10-foot ceilings. the per person requirement is 75,000fP (or &2,124nY) or a total 
agricultural space requirement of 30,054,600m’. 


Nuclear power plant space. Based on dimensions provided for a 10MW, LFTR, each plant 
requires 33,980.22m? (or ~1,200,000ft?) for a total 4-nuclear power plants requirement 
=135,921m’. An additional eight reactors will be stored in the main fuselage of the spacecraft to 
replace them when required and each of those will be replaced by new units manufactured on- 
board as they are used. Replacement feed stocks will also be stored in an isolated storage area in 
the main fuselage. 


Manufacturing and maintenance facility space. Based on various light manufacturing 
operations on earth, we estimate that adequate light metal and composite fabrication facility 
initial space requirements will comprise approximately 141,584m’, not counting microgravity 
metal manufacturing facilities that will be housed in the main fuselage of the craft. An additional 
200,000m? will be allocated to startup textile, pharmaceutical, electronics, and ceramics 
manufacturing facilities. We will assume maintenance facility space will include waste 
processing, recycling, and repair facility space at a per person allocation of 10m»? for a total of 
141,500m*. Therefore the total initial estimated allocation for manufacturing and maintenance 
=141,584m?*+200,000m'+141,500m*=482,958m’. 


Total space available in toruses: 151,004,947n» 
Total preliminary space allocation: 84,301,979nř. 
Space remaining for other purposes: 66,702,968m’. 


The remaining space will house the ECLSS units for each torus; logistical supplies; and methane 
recovery systems; educational facilities; laboratory facilities; recreational facilities; 
observatories; and so forth. In addition, it provides expansion space for population increases 
above the initial passenger and crew levels, added agricultural modules, cryostorage, additional 
maintenance and repair facilities, and added heavy manufacturing facilities. 


The Main Hull 


The main hull will be constructed in the same manner as the toruses. While added strength 
assemblies at high stress points will be added, all other construction will parallel the design for 
the toruses. There will be no artificial gravity in the main hull. The primary functions of the main 
hull are to serve as the axis for the torus pairs; serve as the primary connection points for the 


nuclear engines mounted at the end of the truss extension and secondary chemical propulsion 
systems; house the primary guidance systems; house supplementary ECLSS; provide materials 
storage; contain operational hangars and docking ports for smaller exploratory and landing craft; 
house primary communications systems; house navigational equipment; and house the flight 
control systems and flight deck. Hangars and repair shops, will be airlocked with retractable 
outer doors that, once closed and sealed, will allow for pressurization and atmosphere to be 
reestablished. Docking ports will be airlocked in the standard fashion. High speed monorail 
transport will be available for crew working in the main hull and on the flight deck, with slower 
speed monorail transports that can be detached in supply elevators for transport to the toruses 
will available for logistics purposes. 


The Flight Deck will be more of a monitoring station than a cockpit, with sensor arrays feeding 
into a highly centralized and redundant computer system that will control virtually every 
functional aspect of the spacecraft. Attitude and flight path adjustments will require 
instantaneously reactive systems. Flight and navigation controls on the ark's robotic exploratory 
ships and satellites will be controlled by computer programming, while manual attitude and 
navigational controls on the ark and manned exploratory ships will function essentially as backup 
systems for slow speed maneuvering. Navigation will be inertial and will use known objects 
(primarily pulsars) for initial orientation and then adapt to new objects as they are discovered 
and mapped relative to known objects as the mission extends into deep space. 


It is important to remember that objects in space are not static, but are always moving. Therefore, 
sophisticated, highly sensitive long-range sensor arrays consisting of optical, spectral, and RF 
devices will be critical to the mapping functions on both the ark and exploratory craft. Current 
spacecraft typically use one of several different Star Tracker navigational systems that use a 
filtered star catalog and ground (Earth) based information for reference, although some 
autonomous systems have seen limited use by NASA, the ESA, and JAXA. These systems, 
however suffer from deficiencies that could prove problematic in deep space navigation. 
Princeton Systems, Inc. has developed an autonomous Optical Navigation System (ONS)?! that 
uses two optical telescopes capable of taking multiple measurements of celestial bodies (stars, 
planets, and other objects), information from the Inertial Measurement Unit (IMU) and 
synthesizing the information using the Unscented Kalman Filter (UKF). The function of the UKF is 
described by Terehjanu?. An ONS or some adaptation of it will be the likely candidate for space 
ark navigation. 


Viewing windows on the space ark will be made of transparent aluminum and shuttered for the 
majority of the time to prevent exposure to cosmic radiation. On the ark, an array of visualization 
screens fed by the sensor arrays will allow the crew to observe and interpret data about the 
external environment, review and vet star charts and observe conditions on potentially habitable 
exoplanets as they are compiled or fed to the ark from exploratory craft. 


Chapter 26: Interior Components of the Habitat Toruses 


Here we consider the design of modular components for living quarters, recreational 
facilities and non-manufacturing work spaces. Because this is a space vessel, not an 
orbiting habitat, special consideration must be given to stowage and furniture to prevent 
shifting that might create hazards. While open spaces are an important part of overall living 
design, we do not discuss them here, however the use of modular materials for construction 
allows for multiple open space configurations. 


We begin with the the basics. Let us dispense with illusions first. Quarters will not mimic the 
homes on earth as projected by O'Neill. There will be no grand mix of private homes and 
apartments as they envisioned. Rather their design will be more functional and suited to space 
travel on the first space arks. They will be constructed on individual floors within the torus and 
built of prefabricated composite wall structures that can be joined by interlocking connections. 
Figures 162 through 165 provide one potential example of such a system. These will be flexible 
enough to allow multiple floor layouts, so variety will exist based on needs. For example, a 
family of four will require more space and rooms than a single person, administrative centers 
will be distinct from recreational and other facilities. 
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Figure 162. Schematic Example of an Interlocking Wall Panel System (not to scale). 
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Figure 163. Schematic Example of a Panel Locking Mechanism 
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Figure 164. Schematic Representation of a Quarters Entrance Wall Unit (Interior View-not to scale). 
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Figure 165. Schematic of a Core Service Shaft Serving Multiple Units (not to scale) 


Integrating transparent screen televisions into the modular walls in strategic places will allow 
residents to either look out onto open spaces of the torus or program a variety of alternative 
views, including black screen, to provide a comfortable ambience and ensure privacy. Integrating 
sealed hatch-type doors with multiple locking dogs and interpanel seals, each unit can be isolated 
in the event of a hull breach or other emergency to provide a safe haven for the inhabitants (Figure 
164). To guarantee safety and survival, each unit will be equipped with an emergency filtration 
and backup air supply capable of maintaining a breathable atmosphere for a minimum of seven 
days so repairs can be made and the system normalized. In addition, each docked section of the 
torus will be equipped with airlocks so any breach or emergency can be contained to the 
impaired section. 


The method best adapted to space manufacture of modular wall panels is pultrusion. Itis a proven 
technology on earth and has been studied for applications in space®. Composite material of 
fiberglass and carbon fiber are the obvious choice for these. While these can be made on Earth 
and transported to the Ark construction site in orbit, it would be preferable to manufacture them 
on the lunar surface where regolith basalts can provide the materials for the fiberglass, while 
carbon nanotubes and fabrics can be propagated in lunar manufacturing facilities. These materials 
have distinct advantages important to a confined environment in space. First, they are extremely 
strong, even stronger than steel. Second, they do not off-gas noxious chemicals that would require 


scrubbing from the ark's atmosphere. And last, but by no means least, they are extremely light, 
reducing the overall mass of the spacecraft. 


Core electrical track wiring will be integral with the wall, floor, and ceiling panels (Figure 166), 
allowing a reliable, quick connecting system, no matter the configuration of the structure. 
Likewise, central service shafts will be configured to provide utilities, plumbing venting and so 
forth to multiple units (refer to Figure 165). Core plumbing, using pumps and manifolds to reduce 
water usage and facilitate evacuation of black- and gray-water to the appropriate treatment 
facility will be integrated into the modules in such a way as to allow different unit and facility 
configurations. 
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Figure 166. Schematic of Core Track Electrical (not to scale - size exaggerated for illustrative purposes). 


Furniture will not be readily movable. It will be fixed to prevent shifting. To rearrange furniture, 
it will be necessary to unlock it from the floor panels, move and then relock it into the new 
location. Storage areas will be constructed to fully confine and restrict movement of household 
and apparel items. It will, in short, be every teenager's nightmare... a place for every thing, a 
thing for every place. This is necessary to prevent stochastic effects that might disturb rotation 
and balance of the spacecraft. Like other components, specific furniture sets will be modular in 
our ark concept (Figure 167 and 168 show an example of this). This is not to imply that the 
quarters need be Spartan, but they will need to conform to certain criteria, that includes the ability 
for them to be locked in place to either the wall or floor panels. 
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Figure 167. Schematic of Modular Bedroom Unit With Integrated Storage With Bed in Stowed Position. 


Figure 168. Schematic of Modular Bedroom Unit With Integrated Storage With Bed in Open Position. 


Obviously there will be multiple modular furniture configurations depending on the application 
for which they are intended. Kitchen units, for example, will include a sink, cupboards, integrated 
microwave ovens, very likely 3-D food printers, a small refrigeration unit, and a water-miser 
dishwasher. Administrative and academic facilities will have modular desks, moveable walls, 
integrated communications systems, and so forth. Manufacturing these can be done using 3-D 
printing or injection molding. The formulae for the composites must be such that outgassing of 
noxious chemicals does not occur. 


Unit layouts for residents will be functional and basic with four types available: studio, one 
bedroom, two bedroom, and three bedroom. Each category of these will be of a uniform size and 
design. This is necessary for expedience in construction and calculating placement to maintain 
torus balance. Individual variability will be expressed in interior design and arrangement. Figure 
169 provides an example basic design of a two bedroom unit. 
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Figure 169. Schematic Design of 2-Bedroom Habitat Residence (scale TBD) 


Similarly, the designs for administrative, medical, recreational facilities and business units will 
be modular units of a limited number of predefined configurations for the same reason, to 
maintain uniform balance of the torus, although the flexibility of the modular panel system will 
allow for interconnectivity so workers do not have to exit one unit to enter the adjacent one in a 
single administrative center or a business. These centers can be single or multilevel, with the 


understanding that g forces will decrease slightly with relative rise in elevation (i.e. as each level 
moves closer to the inner wall of the torus. 


The cryogenic storage facilities will also be located in the habitat toruses to accommodate routine 
monitoring and maintenance, as well as provide availability to scientists when required. We will 
further discuss the form and function of these facilities in Chapter 29: Genesis and Eden 
Chambers. 


Next, we consider the more complex requirements of the Engineering Torus, which contains not 
only maintenance, light and heavy manufacturing, but also the primary life support facilities, 
including power generation, and agriculture. 


Chapter 27: The Engineering Torus 


The interiors of the engineering toruses will differ greatly from the residential toruses both 
in design and, to an extent, materials. For one thing, interior dimensions will vary 
depending on facility type. Strength requirements of the floors will be significantly different 
since light and heavy maintenance and manufacturing facilities will contain equipment 
commensurate to the tasks they must perform. Special consideration must be given to 
shielding the reactors that will be housed in the engineering toruses. Life support systems, 
waste handling, and recycling and recovery operations each have special requirements not 
necessary in the residential toruses. 


Reactor Chambers 


Careful consideration must be given to the design and construction of the reactor chambers. Even 
though the reactors we envision for the space ark are LFTRs designed to minimize or eliminate 
radiation leaks (any salt fuel leaking from the LFTR will immediately solidify and become inert 
when it hits the floor of the reactor chamber while the fissile material remains locked within the 
inert mass and can be reused?^, it remains prudent to ensure the potential for any escape of fissile 
material be contained. As we have discussed earlier, regolith, particularly lunar regolith, 
provides an excellent radiation shield, therefore we propose to use this relatively inexpensive 
material to line the containment vessel for the added protection. The following illustration 
provides the general layout of the reactor - generator complex. 
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Figure 170. LFTR Layout. Credit: John Quist. 


As mentioned previously, use of the Brayton cycle and super critical carbon dioxide to drive the 
turbines is important for two reasons. First, it eliminates the water requirement for steam to drive 


the generator, reducing the on-board water capacity requirement. And second, the carbon dioxide 
used in the cycle can be fully recovered and recused. 


We would be remiss, however, if we did not note that the LFTR still has some technological 
issues that must be addressed before it is ready for service, however, we firmly believe those 
issues can be resolved within five to ten years of focused effort. 


Although relatively compact compared to other reactors, the reactor/generation chambers will 
require at least three full levels to accommodate the reactor vessel, reactor, dump tanks, 
generator, transformer, and main distribution facilities. To maintain spin balance, the reactor 
complexes will be arranged in opposing and reversed configurations within the torus (Figure 
171). 
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Figure 171 Schematic of Reactor and Power Station Layout in Engineering Torus (not to scale). 


The power generating and distribution stations are positioned directly in line with the service 
access strut to facilitate power feeds to the main hub and, thus, the habitat toruses and central hull. 
In essence, the service access strut and the central hub shaft serve as the core utility shaft for the 
entire craft. Substations located on each level of the engineering and habitat toruses will regulate 
the voltage and amperage required for quarters as well as the various enterprises on each level. 


Manufacturing Sections 


Light Manufacturing Areas will likely receive the highest volume of use during the early stages 
of flight, since all of the major components of the spacecraft are new and expected to have a long 
serviceable life. This means minor component replacement and repair will be the focus of most of 
the ship related requirements. Examples include electronics repair and replacement; composite 
materials repair and replacement (e.g., wall panels, IML/MMOD tiles, etc.); small appliance 
repair and replacement; plumbing parts manufacture for repair and replacement; and robotics 
R&D and manufacturing, repair and replacement. In addition there will be facilities for clothing 
and textile manufacturing and the manufacture of plastics from agricultural resources. While 
agriculture may be considered an industrial enterprise, it will be dealt with in a separate chapter 
of this book. 


Light manufacturing of components will be dominated by 3-D printers of varying purpose (e.g., 
fused deposition, selective laser sintering, stereolithography, etc.) and size (small desk top to 
gantry type printers). While small printers can provide a wide range of small parts manufacturing, 
larger components will require commercial production machines. Large gantry printers are 
capable of printing entire houses, which could prove useful both on-board and when a habitable 
planet is reached, while multi-axis robotic arms have a freedom of movement the gantry and 
standard CNC-type printers do not afford. This will be useful in the manufacture of oddly shaped 
specialty components. The other advantage to 3-D printers is the ability to self-replicate, meaning 
that, as printers age and wear out, they can be replaced using the same technology. 


In addition to 3-D printers, standard scalable metal working equipment, such as presses, shears, 
spin molders, and so forth along with composite manufacturing equipment, such as automatic tape 
laying, vacuum molding and pultrusion machinery will be necessary for a fully equipped light 
manufacturing facility. While having broad capabilities, these will not be mass production 
facilities, but more likely will fall into the Job or Project production categories. Traditional 
methods of making metal parts (casting, forging, etc.) will largely be replaced by powdered metal 
technologies. See the Metal Powder Industries Federation web site for additional information on 


this technology: https://www.mpif.org/IntroPM/intropm.asp?linkid=1. 


The primary functions (3-D printing, metal working, and composite manufacturing) can be in the 
same manufacturing complex (Figure 172), however each should be physically separated from the 
others and equipped with appropriate filter systems to prevent vapors and fumes from 
contaminating either other operations or the general atmosphere of the ark. To preserve both the 
atmosphere and replenish valuable stocks, vapor extraction systems will need to be used in 
conjunction with recovery and refining systems. 
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Figure 172. Possible Configuration of a Light Manufacturing Facility (not to scale). 


Engineering and manufacture support services such as mechanical design; materials and 
component testing labs; quality control; and logistical support may be integrated with each light 
manufacturing enterprise, or they may be centralized within each sealable torus section. Logistics 
function, both supply and end-product will be automated. This is, in essence, no different than the 
current practice of many manufacturing enterprises today. 


Heavy Manufacturing Areas will likely be fewer in number than light manufacturing, but will be 
relatively large compared to them. Heavy industrial pursuits such as ore reduction and refining, 
alloying and so forth will be limited on the space ark, although the manufacture of equipment for 
use in asteroid mining or mining and construction on any habitable planets found will be 
necessary. Heavy industry aboard the space ark will be focused on chemicals used for fuels, for 
pharmacology requirements and for composite manufacturing materials, however these facilities 
will be somewhat restricted since oil will not be available, nor would traditional oil refining 
operations be compatible with a space ark environment even if it were available. Reprocessing 
of nuclear byproducts from the reactors will be necessary and this endeavor can also be 
classified as a heavy specialty industry. 


Fabrication of walls, floors, ceilings and atmospheric control equipment will necessarily have to 
be of designs and materials customized to the particular industrial process in question. Processes 


that generate high heat will have structural walls and other components made of heat resistant 
materials equipped with thermocouples capable of conveying excess heat to the external 
radiators. Similarly, chemical production facilities will have to be constructed of chemical 
resistant materials and be equipped with hoods or containment that convey contaminated air to 
scrubbers that can remove noxious gases and fumes from the air to be recycled in a recovery 
facility adjunct to the process facility. Heavy industrial facilities that process fibers (e.g.., 
clothing manufacturing processing) will need to be equipped with sophisticated dust collectors 
and filters to prevent dust from escaping the facility. 


While some heavy manufacturing equipment will need to be in place before the ark embarks on its 
mission, much of it can be produced enroute by light industry provided sufficient stocks of raw 
materials are carried aboard or can be obtained during flight from other sources such as planetary 
bodes and asteroids. 


Automation of industrial pursuits on a space ark is a given, and will likely exist to an even 
greater degree than comparable industrial activities on Earth. Because all cargo must be carefully 
secured in a spacecraft, raw material feed stocks for manufacturing processes will be packaged 
and stowed much as cargo is stowed in seagoing vessels. This is to prevent the cargo from 
shifting and affecting the balance of the craft. Packaging of raw feedstocks makes automated 
warehousing easier and more efficient. Methods like RFID coding coupled logistics software 
eliminates the requirements for human equipment operators for retrieval, and distribution of 
materials, as well as storage and distribution of finished goods. Human resources in the 
manufacturing sector can then be allocated to management, innovation, design, quality control, 
programming, technical support, and equipment repair operations. 


In addition, robotics will prove useful in exterior repair operations, reducing the requirement for 
Extra Vehicular Activities (EVAs) by human crew, thus lowering potential impacts from exposure 
to the dangers of a hostile space environment. The evolution of *smart" robotics is moving at an 
accelerated pace and, although it is unlikely that true artificial intelligence will be achieved in the 
next ten years, the versatility and utility of new generation robotics is remarkable. For more on 
robotics refer back to Chapters 21 and 22. 


Environmental Control and Life Support Systems (ECLSS) 


ECLSS encompass four primary functions, atmosphere, water, food, and waste. These are integral 
functions in a space ark, each somewhat dependent on the others. Inherent in the design of a space 
ark is a dependence upon a stable internal atmosphere supported by plant growth and 
supplemented with filtration systems (scrubbers) to maintain the proper balance of gases. Unlike 
the ISS, where oxygen levels can be lowered, the ark toruses will have an atmosphere similar to 
Earth's, less many of the contaminants produced by human industrial and transportation activities 
and natural phenomena such as volcanic eruptions, at a normal pressure of 1 atmosphere. The 
main hull, which will lack artificial gravity, can be maintained at gas mixtures and atmospheric 
pressure equivalent to the ISS. Centralized conditioning units will maintain a constant 
temperature, by circulating coolant and bleeding off excess heat via heat exchangers and external 
radiators. Although algae in the water walls and agricultural growth should maintain proper gas 


levels of oxygen and nitrogen, supplemental gases will be carried aboard or produced via gas 
generators during the mission to correct system imbalances should they occur. 


Today's technology for provisioning our ISS and projected space exploration is heavily 
dependent on resupply from earth. Atmosphere, climate, and water supply are entirely dependent 
on tested and proven mechanical systems. Regenerative systems are just beginning to be 
developed and tested, although some of these systems had their origins in the 1960's, earlier if 
one considers the purely hypothetical conjectures of early novelists, visionaries, and space 
pioneers. The great problem with all of the ideas, especially those of an isolated “Earth-like” 
environmental chamber, is that they all shared a somewhat simplistic vision that failed to 
comprehend both the complexities of the environmental interdependencies involved in Earth's 
ecosystems and the further complicating aspects of placing even limited versions of a biosphere 
in space. Even today the scale of growing plants in space is minute compared to what will be 
required for a bioregenerative system on a space ark or a planetary colony as projected for the 
Moon or Mars. While we are still in our infancy is developing those systems, significant 
advances are being made and it is entirely possible that we will be able to replicate Earth-like 
systems to adequately provide for a balanced atmosphere and water cycle for a space ark within a 
few years. In fact, we predicate the building of a space ark using current technology to resolve the 
remaining issues within a ten year time frame. 


Current Approach to Water Supply. It is a given that no space vehicle or station begins with a 
zero supply of water. Initial supplies of water will always have to be supplied from Earth or 
other sources (e.g. the moon) to a spacecraft or space habitat. Current technologies for 
maintaining the water supply are based on mechanical solutions engineered for control, 
efficiency, and repair. While they mimic the Earth processes, they do not rely on the same 
systems. Earth relies on the hydrological cycle (Figure 173) for water recycling. It is a perpetual 
and slow process that keeps our water in balance, although shifting climatic conditions introduce 
a degree of local variability and uncertainty with regard to supply and availability. A space-based 
system cannot afford uncertainty if life is to be sustained. 
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Figure 173. The Hydrological Cycle on Earth, Credit USGS. 


Ground-water storage 


The current space based systems rely in part on the Sabatier reaction system and in part on water 
rationing and recovering water from condensates derived from the process of respiration and 
excretion. Ambient moisture collected in a condenser and liquid waste are piped to the 
processing unit. Purification and, thus recycling, then occurs in three stages in a mechanical unit. 
The first stage removes debris (screening process), the second filters out impurities using various 
filter media, and the third stage removes volatile compounds and kills microbes and viruses using 
a Catalytic oxidation chamber. Once the process is complete, pure water is returned to storage for 
use. Technically a regenerative system, this component of the Environmental Control and Life 
Support System (ECLSS) still must dispose of contaminants, including filter media (which must 
then be replaced), waste solids, and excess potentially toxic gas (Figure 174). 
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Figure 174. Regenerative ECLSS Flow Diagram. Credit NASA. 


On the Space Shuttle, some water was produced as a byproduct of fuel cell operation. The 
hydrogen-oxygen fuel cell’s primary purpose is to produce electricity. The production of very 
pure water in the process is more or less a bonus. The reaction formula is as follows: 2H,(g) + 
O,(g) ^ 2H,O(1). Fuel cells are not used on the ISS, as electricity production there is dependent 
upon solar energy panels managed by a battery storage and distribution system, much the way 
Earth-based solar energy systems function. Space arks will rely on solar energy panels to a 
degree, although the reactors will provide main power, and fuel cells can be a source of 
emergency power. 


As mentioned in the opening paragraph of this subsection, the Sabatier is one of the systems used 
on the ISS. The Sabatier reaction is: CO,(g) + 4 H,(g) "^ CH,(g) + 2H,O(l). The Sabatier 
approach requires that excess methane be vented overboard (into space) to prevent the buildup of 
the toxic and explosive gas. While reasonably efficient at producing water, this system is 
regenerative in only a limited sense. It depends on an excess of CO, and H, in the atmosphere and 
it does not recover all the materials used or produced in the reaction process. Also, the system 
requires a Ruthium catalyst, which will eventually be exhausted and require replacement for the 
continued functionality of the unit. 


A system using Bosch reaction is an alternative originally proposed for the European Space 
Agency's (ESA) future space programs in the late 1980s (Arlow, M. and Traxler, G,. 1989). 
While the Bosch reactor allows full recovery of H, via a two stage reaction, one fast and one 


slow, the process produces pure carbon (C) residue that fouls the catalyst. The net reaction is: 
CO,(g) + 2H,(g) F^C(s) + 2H,O(l). In addition, the reaction produces more heat than the Sabatier 
reaction. 


As can be seen above, both the Sabatier and Bosch reactions aid in reducing CO, buildup, while 
the hydrogen-oxygen fuel cell approach has no impact on the removal of CO,. 


As noted in the opening paragraph of this subsection, while such systems will have a backup role 
to play on the space ark, they cannot be depended upon for the primary balance of atmospheric 
conditions and water supply and the ark design must incorporate approaches to mimic Earth-like 
conditions as closely as possible. Use of the Sabatier reaction, however, can be beneficial in two 
ways on the ark: first it produces very pure water and second, the methane produced can be 
recovered for fueling the chemical rockets, rather than being jettisoned as it is on the ISS. 


Recycling and recovery operations encompass water resources, and waste treatment, as well as 
other materials recovery. Recalling that sources of raw materials will be limited or difficult to 
obtain, recycling and recovery facilities will play a critical role in maintaining the sustainability 
and environmental balance in the space ark. Virtually everything will have to be recycled or 
recovered, although some materials will require treatment and disposal due to their 
biodestructive potential (i.e., pathogens). Typically when one thinks of recycling visions of metal, 
cardboard, glass, and paper recovery and composting of vegetative and food wastes come to 
mind. While these will certainly be a part of the recycling and recovery operations, the scope of 
the operations will be much larger. One of the largest endeavors will deal with human wastes. 
The treatment plants necessary for this will differ in design, but not in primary function, from a 
typical wastewater treatment plant. A schematic of the wastewater treatment process is provided 
in Figure 173. 
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Figure 175. Schematic of Typical Wastewater Treatment Process. Creative Commons License: Leonard G. at English Wikipedia 


Human waste processing and recovery of secondary products is essential to the environmental 
balance of the ark especially in water recovery since the amount of water the ark can carry is 
finite and opportunities to replenish from other sources may be sporadic and far apart. On 
average, the human body excretes on average approximately 650 -1090 grams per day (gpd) of 
urine and 80-140 gpd (wet) of fecal matter (25 -40 gpd dry matter)?*. To put that in perspective, 
the waste produced, using an average amount per day, on a space ark with a population of 14,000 
will be approximately 27,880 pounds per day (ppd) of urine and fecal material (wet) or nearly 14 
tons of human waste per day. Two small municipal closed loop-type plants per engineering torus 
augmented by the technologies mentioned below can reasonably handle this amount of waste. 


Part of the waste can be processed using the extensive water wall technology of the craft, but a 
sophisticated treatment plant will also be required for each torus pair. Because the municipal 
waste processing facility will have as its main function recovery of water and other secondary 
products for use as fertilizers and mineral supplements used in the agricultural chambers, it will 
be more complex than the stereotypical wastewater treatment plant that allows discharge of 
*cleaned**" wastewater into rivers on earth. Water will be treated in multiple stages involving 
separation from solids, prefiltering, ultraviolet treatment, bioreactors such as those developed by 
NASA, and reverse osmosis. In addition, it will be equipped with a methane recovery and 
purification unit so stocks of chemical rocket propellant can be replenished. To avoid 
contaminating the vessel with odors, the entire system will have to be a closed loop. 


Solids in such a plant will be handled in anaerobic digesters and desiccators that have water 
recovery equipment that feeds back into the primary wastewater treatment plant. From there, the 


dried solids can be conveyed to a mixing unit that combines this material with composted organic 
material and depleted soil from agricultural endeavors to produce a rich growing medium for the 
agricultural chambers that can either be used immediately or stored for future needs. 


Industrial wastewater treatment, recycling and recovery will have to be handled by separate 
industrial waste plants, however these can be relatively small units co-located with the industrial 
processes they serve. Wastewater from industrial sources will be relatively limited since the 
production facilities will use very little water. Therefore prepackaged industrial process-specific 
wastewater treatment units can be readily adapted for use aboard the space ark. Recovered 
process constituents can then be reprocessed and recovered, while the effluent can be conveyed 
for further treatment to make it potable. 


Material recycling and recovery will mirror current processes, however strict protocols 
governing material availability for general use will be in place. For example, use of disposable 
plastic and aluminum containers for beverages will be prohibited and containers that can be 
washed and reused will be the norm. Packaging such as one finds at the typical grocery store will 
be prohibited in favor of no packaging or packaging that is easily recycled with a minimum of 
effort and chemicals. Use of 3-D printing will help minimize waste in industrial operations, 
however waste will be produced from CNC machines, however metals can readily be recycled 
by remelting or powdering. Fiber or paper products also can be recovered, although it is likely 
these will be limited and structured so that they can be more easily composted and cycled through 
agriculture. 


The bottom line is that nothing can be wasted on an interplanetary/interstellar space ark. 
Everything must be recovered through recycling and recovery methods. Even though there may be 
opportunity to obtain new raw materials from planetary, asteroids or other bodies in space, it 
likely will carry with it a level of risk both to the crew and to the spacecraft. Those risks must be 
weighed against the benefits of executing operations to obtain external resources. In any case, the 
equipment used on board the spacecraft to recycle materials can also be employed to process new 
resources. 


In addition to all of the functions previously mentioned, the engineering torus will house industrial 
research and development laboratories, project design and drafting offices, quality control 
laboratories, and primary logistics offices. Engineering torus operations will require a diverse 
workforce, just as industry does on Earth, encompassing laborers, trades craftsmen, engineers, 
logisticians, scientists and administrative support personnel. While automation will reduce the 
labor force requirements, the human factors of innovation, problem solving, and flexibility to 
respond to changing conditions will always be required in these operations. 


Chapter 28: Agriculture Aboard the Ark - Engineering An 
Ecosystem 


In this chapter, using a holistic approach, we will explore briefly the options for creating an 
autonomous agricultural ecosystem and alternatives to such a structure that may provide 
viable options to sustain life on a long-term, long-distance journey under the hostile 
conditions of deep space. The approach taken is limited and is neither comprehensive nor 
exhaustive. [Note the first part of this chapter is adapted from Chapter 39 of The Cosmic 
Wanderer]. 


Any approach to a sustainable system for interstellar spacecraft will have to incorporate all the 
aspects of a scaled down ecosystem chamber for food, expendable items, and oxygen production 
and for contaminant cleansing. It will not be possible to duplicate biodiversity on the same scale 
as earth in a single, or even a series of chambers. Species will have to be carefully chosen for 
maximum utility and the ecosystem built around those choices will have to conform to their 
specific needs for survival. But what if even a scaled down version of such a scaled down 
version of a completely self-sustaining closed ecosystem is impossible? Does that imply that 
interstellar travel by humans is no longer an option? We think not. In this chapter, we explore the 
parameters required for options that include, but are not limited to the concept of an autonomous 
self-sustaining ecosystem. 


Theoretical sciences deal with the “what if" factors. Engineering deals with a more practical 
side... the *how do we do it" and, perhaps just as important, the *how do we do it efficiently and 
cost effectively" factors. Engineering encompasses many fields of science. There are materials 
engineers, mechanical engineers, civil engineers, agricultural engineers, bioengineers (biological 
and biomedical - they are not the same), chemical engineers, environmental engineers, genetic 
engineers, and nuclear engineers just to name a few within the engineering practice. One of the 
problems with science and engineering in this burgeoning age of technology is that, as the 
knowledge base grows, the fields and their practitioners have become more and more 
specialized, focusing on narrower and narrower aspects of study. That, alone, makes cooperation 
on projects of this scale a necessity. It is also why all of these endeavors need holistic oversight, 
someone or some group that understands the grander picture and gives consideration to the 
unintended consequences by which runaway technology is often attended, and sometimes 
disastrously so. Unintended consequences are not just ethical questions, they may indeed impinge 
on the success of a mission and the survival of the crew. Indeed, in the extreme view, they may 
impact the survival of terrestrial life as we know it. 


Autonomous Eco/Agricultural Chambers 


O'Neill in his book, The High Frontier, and in testimony before Congress (available on the 
following web site, http://settlement.arc.nasa.gov/CoEvolutionBook/TESTIM.HTML) presented 
his vision for orbiting space habitats. These habitats were enormous. For example, his concept of 
what he termed “Island 3" consisted of two counter-rotating cylinders some four miles in 


diameter and 20 miles long, with specialized agricultural chambers located on toroids at the 
distal end of each cylinder. This, the Stanford Torus, and the earlier Bernal Sphere were all 
projected to maintain fully Earth-like environments (Figure 176). O'Neill estimated that his 
“Island” could be built and be in position in an L5 orbit in “the immediate future.” That prediction 
was made in July, 1975. Obviously, we're not colonizing space yet. Why? It turns out what 
O'Neill and others declared to be little more than “a large civil engineering project,” that could 
be built in space with materials from the moon and asteroids is not only optimistic, it is 
tremendously difficult and costly to implement. 


First, consider the difficulties of working on the lunar surface and in space. To mine lunar 
materials requires a base of operations, as will any space-based manufacturing and construction 
activity. That is eminently possible and even likely with today's technology (see Chapter 22). If it 
isn't done by governmental agencies, it will surely be done by private enterprise, but the driver 
will be profit, not altruism. Not only are there mineable quantities of iron, aluminum, and 
magnesium on the moon, but there is a more important item from a commercial standpoint, Helium 
3 (He-3). He-3 is used in a number of applications from cryogenics to medical to fusion 
reactions, the latter being of the greatest interest to future commercial enterprise. So, assuming 
there is a commercial driver, establishing some sort of mining enterprise on the lunar surface is 
likely. Still, harsh working conditions will exist. Work will have to be done under reduced 
gravity (which can be both a boon and a curse), extreme temperatures that are hard on equipment 
used for mining, cosmic radiation that will require special shielding for long term surface 
exposures, and so on. It may be possible to construct surface buildings that allow for atmospheric 
control over the mining area, thus reducing or eliminating some of the associated obstacles, but 
even that will require multiple trips to ferry the necessary supplies to complete such structures. 
Initial space-based processing and manufacturing facilities will have to be built, most likely, by 
assembling component units built on Earth and transported to space as was the case for Space 
Lab, Mir, and the ISS, however as noted in Chapter 22, the technology for building 
superstructures using regolith exists now. Manned operations outside of space vehicles is equally 
challenging. Although there are manufacturing advantages to microgravity environments, G and 
bulky EMUs can make work difficult and less efficient, requiring special tools and possibly new 
methods. Excellent references for the current requirements in designing systems for 
accommodating humans in space can be found in NASA Standard 3001 (2 volumes) and NASA's 
Human Integration Design Handbook (NASA/SP-2010-3407, 2010), which can be found at: 


http://www.nasa.gov/centers/johnson/slsd/about/divisions/hefd/standards/index.html. 


Figure 176. Artist Conception of O’Neill’s Island Colony. Credit Don Davis for NASA. Public Domain Image. 


Second, the sheer scale of these habitats is enough to make a civil engineer do a double take here 
on Earth. Attacking the construction of a mammoth cylindrical or Toroidal habitat in space can be 
downright stupefying from an engineering standpoint. Could it be done? Certainly, but it will be a 
long term, very difficult project given today's technology. It will require enormous resources just 
to build the superstructure and basic infrastructure. In a Bureau of Labor Statistics (BLS) 
construction industry productivity report covering the approximate time period of O’Neill’s 
testimony noted that 97.5 employee hours were required for every $1000 expended in the 
construction of office buildings X (http://www.bls.gov/opub/mlr/1981/05/rpt2full.pdf). 
Calculations cited in the NASA/MSFC re-estimate April 1975 during O'Neill's testimony pegged 
the anticipated cost of construction his Island One at $140 billion. Using the BLS labor hour 
requirements as an Earth-bound comparison, a project of this size would require in the 
neighborhood of 13,650,000,000 employee hours on Earth. In space, it very well could require a 
much higher number of labor hours. The space-based workforce would have to be very large to 
complete a project of this scale in a reasonable timeframe. That, in turn, would require a base of 
operations in space for the labor force, engineers, and support staff, which in itself would be a 
major undertaking. Alternative approaches may be more efficient for projects of this size. As 
previously noted, component construction on the Earth or Moon may offer one alternative, but the 
efficiencies of in-space construction suggested in the testimony would be lost. Self-assembly has 
been suggested as a more recent alternative; however current technology is small scale. Given 
time, as the science matures, it offers the promise of becoming a huge factor to improve the 
feasibility of such a project. 


Third, as we previously noted, duplicating an Earth environment, even a small ecosystem, is 


going to be an extremely daunting task that goes far beyond the simplistic approach of putting dirt, 
water, and atmosphere in a chamber, then planting vegetation, releasing a few animals, and 
building housing and other infrastructure on the constructed terraform. This is because ecosystems 
must maintain a balance to be self-sustaining. It is a balance that involves everything from 
minerals to microbes, proper light, to precipitation, bugs to birds, and a myriad of other factors. 
Every ecologist knows that within ecosystems exist both the overall mega climate and often 
multiple microclimates. Balance in the microcosms is just as important as in the larger systems. 
The sustaining balance, while amazingly adaptable, is also often very fragile. Altering or omitting 
one component can lead to the general collapse of the entire system. The University of Arizona's 
Biosphere 2 demonstrated how failure to consider all the factors can lead to disastrous 
consequences. For example, oxygen levels dropped to 14.296 in just a couple of years due to 
lowered vegetative growth rates; food requirements outran food production in both the floral and 
faunal categories and the experimental crew lost a significant amount of weight; and significant 
psychological problems began to arise. Still, a habitat proximal to earth at least has the 
opportunity for corrective measures via terrestrial supplies and other interventions. An error in 
planning can be corrected. With a space ark or other deep space vehicle that opportunity will not 
exist. However to assume there will be no opportunity to replenish components is also a mistake. 
Careful planning and absolute control over the regenerative systems of a constructed environment 
will be an initial requirement for those craft, since opportunities to resupply may well be few and 
far between. Let us, then, consider some of the limitations of a space-based ecosystem. 


Size. Unless we propose to build Earth-sized vessels, a concept that until a far distant future 
seems unrealistic from an engineering perspective and prohibitively expensive, spacecraft-based 
ecosystems will be comparatively small. Scale will dictate the complexity of a sustainable 
system. Size constraints will more than likely limit the ecosystem to a single zonal type. To 
compensate for lack of floor space, vertical farming using aeroculture and hydroponics coupled 
with specific spectrum LED lighting can be used for the production of smaller plants such as 
lettuce, peppers, tomatoes and herbs as is being done in closed vertical farms here on earth 
(Figure 177). 


Figure 177. A Vertical Farm Using LED Lighting and Hydroponics. Creative Commons Image. 


Visible light is essential to biological processes and human endeavors. In plants, chloroplasts 


containing chlorophyll a and chlorophyll b absorb the entire visible light spectrum, however the 
blue spectrum (400-450 nm) and red spectrum (640-660 nm) have been shown to be optimum 
wavelengths in the photosynthetic process, although other pigments (e.g. carotenes) absorb and 
use other wavelengths. The red end of the spectrum is important in triggering germination, growth, 
and flowering. Phototropism (positive or negative) is a response primarily to the blue spectrum 
(including ultraviolet). Positive phototropism is demonstrated when the organism moves or leans 
toward the light source and negative phototropism exhibits movement away from the source see 
Figure 178). As previously noted without primary producers or autotrophs (those organisms that 
are capable of synthesizing organic material from inorganic, consisting largely of photosynthetic 
organisms that include green plants, and cyanobacteria), the entire food chain would collapse. 
The entire spectrum is shown in Figure 179. Because LEDs can be tuned to emit specific ranges 
of the light spectrum, it makes them ideal for use in enclosed agricultural facilities. The 
combination of selective light spectra and balanced nutrient hydroponics makes an ideal growth 
medium for plants. Even larger plants growing in a soil medium benefit from the use of selective 
spectra LEDs. 


Photosynthetic Action Spectrum 
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Figure 178. Photosynthetic Action Spectrum. Credit: www.ncsu.edu 
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Figure 179.Visible Light in the EM Spectrum. Credit Quarknet, Fermi Laboratory 


Larger plants will likely do better if they are grown in soil beds. Rather than transport soil from 
Earth, regolith fines from the moon can be transported to the space ark as it nears completion 
much more economically. The regolith can be augmented with byproducts from the wastewater 
treatment facilities, as mentioned earlier.to provide the necessary nutrients and bacterial cultures 
of those species beneficial to plant growth also will be added prior to planting. The optimal soil 
structure will mimic Mollisols on Earth (Figure 180). Again, LEDs will provide the most 
effective and electrically economical source of light for plant growth. Water will be regulated 
autonomously by using soil moisture sensors to control the irrigation system. Optimal atmospheric 
humidity will be similarly controlled using sensors to regulate dehumidifiers when necessary. 
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Figure 180. Composited Examples KS Soil Horizons in Mesophytic Environment. Individual Photos Credit USGS. 


Seasonal Processes. Seasonal changes are closely tied to survivability of ecosystems. Seasonal 


climates, solar changes induced by terrestrial tilt and rotation, wet/dry cycles, and so forth are 
responsible for ecosystem rhythms that precipitate physical and behavioral responses in the biota. 
Rest cycles (plant dormancy and faunal torpor), reproductive cycles, migratory patterns, etc. are 
all necessary to the health of ecosystems. On Earth, seasons and climate are closely tied to a 
number of factors but there are two major drivers: 1) solar radiation, particularly its angle of 
incidence; and 2) ocean currents, especially the cold-warm circulation of the *Ocean Conveyor 
Belt," but also by more localized currents. Duplicating light intensity and angle of incidence 
artificially is possible, but duplicating the currents of the Ocean Conveyor Belt is unlikely. That 
means seasonal climate change is going to be difficult, resulting in scaled back biodiversity as 
compared with the Earth's biosphere, and most likely will be created artificially through 
mechanical processes. The mechanical manipulations can be accomplished by controlling light 
incidence and duration; cyclical temperature control; cyclical humidity controls; and so forth. For 
species proven to grow well year round in closed environments, no seasonal controls will be 
necessary. 


Geological Processes. Ecosystems on Earth depend on geological processes for replenishment 
and rejuvenation. Volcanism is important to bringing minerals, water and gases to the surface from 
depth that are essential to the balance. In a spacecraft environment, a deep lithosphere will be 
absent, as will the attendant subduction of continental crust that is part of terrestrial recycling that 
leads to volcanism. Erosional forces dependent on climate and topography will be curtailed or 
nonexistent, further reducing the natural recycling of materials, both mineral and biological. 
Active management through nutrient supplementation, growth medium replacement, and so forth 
will be necessary for plant growth to succeed. Use of a compacted sand substrate in large plant 
chambers can serve as a cleansing medium for water, much as an aquifer operates on earth. 


Geomagnetism. Geomagnetism has been demonstrated to be a factor in the navigational behavior 
of a number of species, as well as responses in growth patterns in plants? Absence of the Earth's 
natural geomagnetic field may impact important insect activities such as flight patterns and 
orientation; plant growth; and other biological systems. In addition, it is unclear whether 
artificially generated weak fields will provide a viable alternative, or whether other geomagnetic 
fields arising from stellar or planetary objects will have an altered influence on the system. 


Pyro-ecological Processes. Natural, and even carefully used anthropogenic fire, is essential to 
the ecological balance on Earth. It is part of the biogeoregenerative process necessary to the 
health of prairies, savannas, and forests world-wide. Many species are dependent upon fire for 
reseeding (e.g., lodgepole pine, Pinus contorta), others require fire as an agent of nutrient 
recycling (e.g., grasslands), converting plant matter to ash and CO, that can be further processed 
by other processes such as microbial degradation. Open fire in a spacecraft is intolerable, 
however, carrying with it the risk for fouling the atmosphere, plugging filters, and damaging 
sensitive systems, even to the point of system collapse or complete destruction of the spacecraft. 
Alternative methods will be required. Burning plant material in closed vessels using lasers in one 
option for producing ash necessary for soil balance. Obviously, careful plant selection will be a 
factor. For example, species such as the lodgepole pine cannot be accommodated on a space ark. 
Substitution of plants such as bamboo to produce fibers for paper and clothing products might be 


an optimal choice rather than tree species. 


Microbial Processes. Microbes (especially bacteria) are essential in multiple biological 
processes. For example, microbes in the vadose zone (generally the surface to the water table) of 
the soil are essential in degradation of organic hydrocarbons, including pollutants as well as other 
organic detritus. Bacteria in the animal gut are essential to digestion. However, unconfined 
microbes are considered a risk on spacecraft for a variety of reasons, not the least of which is 
their propensity to mutate due to their capability to undergo exponential growth. Microbes form 
the base of most food web models and are referred to as *decomposers." Figure 181 provides a 
stylized model showing this hierarchical position in a food web. 
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Figure 181. Stylized Food Web Illustration. Credit EPA (color altered for clarity). 


Other Considerations. Ecosystems by their very nature are messy when compared to 
requirements for strict control in flight operations, communications equipment, electronic 
controls, propulsion systems and other space flight needs. Ecosystems, even controlled ones, 


produce a number of products and byproducts that aren’t compatible with space flight systems. 
Examples include: 


e pollen production, which varies with the plant’s method of pollinating. Anemophilous (air 
loving plants) typically produce large quantities of pollen (e.g., pine, Pinus spp. produce in 
the neighborhood of 1 X 10° pollen grains per tree per annum) with a wide dispersal. 
Grasses also tend to be anemophilous. Zoophilous (animal loving plants, including 


Entomophilous or insect-loving) tend to produce significantly lower amounts with very 
confined dispersal. Autogamous (self-fertilizing) plants tend to produce the least with 
extremely confined dispersal; 


e transportable seeds, particularly those dispersed by wind (anemochory), but also types 
transported externally by animals externally (epizoochory); 


e Mold and fungal growth, including spore production (analogous to anemophilous pollen in 
terms of production and dispersal); 


e decomposition gas (typically methane, but others exist as well); and 
e ambient humidity necessary for a closed Eco Chamber. 


Each of these factors carry inherent risks to flight control and communications systems. Pollen 
produced in sufficient numbers can clog filter systems, accumulate in electronics, and so on. The 
same is true with anemophilic seeds, mold and fungal spores, with the additional issue of 
potential mold and fungal growth outside of the chamber. Decomposition gases, while generally 
held in check by sequestration in a natural system, can still build up and escape, with gases like 
methane creating potentially explosive forces. Humidity is the bane of sensitive electronics and 
metal surfaces, so it must be kept at a minimum in operational areas. There are many more, but 
these are sufficient to make a significant point, and that is that any confined ecological chamber 
will have to be isolated from all flight systems, propulsion units, and sensitive electronics to 
prevent potential issues or failures. Granted, on Earth we have all of the conditions mentioned 
above, but system failures here can be fairly readily addressed without risking annihilation, 
whereas in a craft traveling in space, system failure has a much higher probability of ending 
badly. 


What does this mean in terms of engineering a closed chamber autonomous eco/agricultural 
system for interstellar spacecraft? It means that the focus will have to be on a scaled back system 
that is well mapped in terms of ecological balance that also accommodates high yield food crops 
without sacrificing a level of biodiversity, efficient gas exchangers, and excellent waste 
processing capability. It will require gravity for proper functioning of drainage, among other 
factors, which is accomplished via centripetal force in the proposed space ark. 


Eco/Agricultural Chamber systems will have to be constructed of or lined with low or non- 
oxidizing materials due to ambient humidity, hydrological cycling, and the number of acids 
produced by organic processes. These acids, though generally weak, will degrade metals over 
time, creating a long-term potential for shell failure. In addition, construction materials will have 
to be structurally strong to withstand loading pressures of the chamber substrate, vegetation, 
fauna, and water under the centripetal forces of artificial gravity. Finally, they will have to be 
virtually leak free, which will require not only an excellent seal system for the chamber, but 
extremely high integrity air locks for entry and exit that will have to accommodate personnel, food 
and equipment transfers. In addition, each chamber will have to be centrally connected to the 
spacecraft with gas exchange conduits, power conduits, waste treatment etc. to maintain overall 
conditions necessary for environmental life support in the spacecraft. Using the proposed schema, 
let us consider separate purposes for each of the chambers. Larger chambers may be best suited 


for greater species diversity and function in agricultural, natural, and recreational applications, 
while fulfilling its role in other life sustaining capacities. Smaller chambers will be best suited 
for specialized agricultural applications such as high yield food crop production, intensive 
livestock production, and long-term food processing and storage facilities, chamber operating 
equipment storage and repair bays. Clearly, our autonomous Eco/Agricultural Chambers are 
rapidly becoming semi-autonomous, requiring complex controls to effectively grow agricultural 
products efficiently and assist in maintaining atmospheric balance in the space ark, but it can be 
built and is well within reach of current technology. 


For the sake of brevity, let us assume the hull assembly and function is the same as the the 
remainder of the vessel. Keeping the design identical provides significant system redundancy and 
increased capacity for waste processing, gas exchange and secondary internal shielding. The 
Eco/Agricultural Chamber will be more sterile and laboratory or greenhouse-like in function and 
appearance and is envisioned as an intensive, but controllable food production enterprise. Such 
an arrangement will be more familiar to current researchers in extraterrestrial plant growth 
experiments. 


Plant Production and Control. Extensive media filled beds, some flushed with hydroponic 
nutrients and some cultivated soil that are separated by species and adjusted to localized 
microclimates optimal for individual monoculture agricultural production will dominate. Climatic 
conditions, including temperature, humidity, and lighting, will be attuned to a specific food plant 
species. Stacked arrangements using this approach are possible, and probable if dwarf species 
are used, allowing for greater surface area for plant growth. Separate beds for individual species 
will be used for growing seed stocks to maintain long-term production. After harvest of seeds, the 
remaining plant material can be used as livestock bedding, fodder, or simply be processed as 
compostable material to be returned to the nutrient cycle. 


Focus crops will be those with high ratios of production to energy requirements, but will 
accommodate dietary and materials requirements. For example, the peanut provides a variety of 
processed foodstuffs as well as other useful end products. George Washington Carver lists some 
77 food products, 8 stock foods, 2 household products, 12 beverages, 10 medicines, 20 
cosmetics, 5 dyes, paints and stains, and 32 general products ranging from plastics to 
nitroglycerine.? Soybeans are another multipurpose plant. Iowa State University lists 
approximately 150 different products derived from the soybean plant ranging from foodstuffs to 
industrial applications. Corn is one of the most efficient plants in converting solar energy and 
soil nutrients into food (energy input to food energy output of 1:4). Corn is probably more suited 
to cultivation in separate chamber because of growth space requirements. One of the primary 
areas for use of corn production in our concept would be feed for livestock. This section is not 
meant to provide an exhaustive list of candidates for cultivation aboard our space ark, but it 
conveys the purpose. Additional species will have to be studied and carefully chosen for 
production viability and long-term stability in an artificial environment, as well as for overall 
utility. 

Animal Production and Control. At ratios of energy input to food energy output that range from 
4:1 for chicken to nearly 60:1 for lamb, animals are not the most efficient energy consumption to 


food converters, however in any interstellar travel, humans will want to take animals with them 
both for consumption and to raise on habitable planets. In our concept, animal production will be 
approached as an optimized system as well, designed for balanced production of high quality 
products with maximum recovery and reuse of operational byproducts and wastes. Use of 
modified confinements for livestock that restrict movement, but provide safe footing and enough 
space for animal comfort is seen as a reasonable approach not only to protect livestock, but also 
to restrict radical movements that could lead to stochastic anomalies that may affect the craft's 
roll, pitch, and yaw. 


In addition to terrestrial livestock, provisions for aquaculture should be included in any plans for 
the inner chamber. Fish and shellfish, along with aquatic plants can play a big role in nutrition and 
atmospheric balance. Fish are a key source of necessary vitamins that are more easily assimilated 
in the human body than are those in capsules or other pharmaceutical delivery systems. They are 
also an excellent source of protein that can be consumed by humans, ground into meal as a feed 
supplement for animals or used as a fertilizer supplement for agriculture. Aquatic and marine 
fauna and flora species should be considered for ease of care, propagation, and energy to food 
ratios. Flora also need to be evaluated for their capability to exchange gases efficiently. We know, 
for instance, that cyano-algal forms are among the most efficient at this, which is why they were 
chosen as an important component of Water Walls technology. Aquaculture of algae can be used to 
replenish spent stocks in Water Walls, be processed for food, fuels, and other purposes. 


Processing and Storage. Creating an agricultural production, processing, and storage center from 
scratch is a process engineer's dream. Beginning with the basic growth units, the layout can be 
designed to optimize harvesting, conveying, processing, distributing and storing production 
products, as well as collecting, treating or recovering waste and byproducts for reuse and 
distribution in a never ending food conveyor. Of course, optimizing these systems from a process 
standpoint also may create major headaches for the design engineers and construction personnel. 
Be that as it may, optimizing will be essential to crew numbers and operational safety. Processing 
equipment will need to employ every process from desiccation, flash freezing, to hermetic 
packaging, as well as other preservation methods. Storage will range from secured rack methods 
to refrigeration and freezer storage. 


We could propose schema for process optimization here, but without the final dimensions of the 
chamber and a list of types and numbers of production plants, animals, it would be an exercise in 
frustration. We leave that to the integrated team that will design and build the space ark. 
Distribution of the Eco/Agricultural Chambers is an important consideration for designers. 
Confining them to the engineering torus is untenable. They will have to be distributed among both 
the engineering and habitat toruses for two reasons. First, the chambers help maintain atmospheric 
balance and second they will provide recreational opportunities for passengers in an earth-like 
environment, which is important to psychological stability. 


Alternative Configurations for Autonomous Eco/Agricultural Chambers. When considering 
alternatives to the chamber configuration described in some detail above, we will assume that the 
basics of the structures from the inner walls will remain essentially the same in any of the 
alternatives. Differences are driven by purpose and method of achieving artificial gravity. With 


that in mind, and the understanding that the concepts are not ours, but those that have been 
proposed earlier, we offer the following brief description of optional configurations for your 
consideration. Table 9 provides a concise comparison of the design configurations that have been 
proposed. 


Parallel Counter-rotating Cylinders. This design is essentially the one proposed by O'Neill as 
his Island 3 orbital colony. The only differences between the concentric counter-rotating design 
and this are equality of size and side by side configuration. While this design offers fewer 
engineering challenges than the concentric model, it also greatly expands the surface area of any 
interstellar spacecraft that is intended to house it. 


The Stanford Torus. Constructed as a huge rotating circular cylinder, the torus can offer distinct 
advantages in terms of lower rotation rates to achieve 1g vis a vis other designs. Its advantage, 
however, relegates it to orbiting habitats or low to moderate subluminal speeds. A multiple torus 
configuration is proposed for the space ark under consideration here. While not as large as the 
Stanford torus, these provide the best option for artificial gravity and spacecraft stability. 


We recognize that there are other proposed designs exist, but most are simply variations on the 
above themes, and describing any of them in detail here would add nothing to the discussion of 
engineering ecosystems, which admittedly is only a brief glimpse into what will be required. 


Concentric Counter- | 1) Decreased craft bow profile - | 1) Counter rotational speeds | 1) Hyperspeed/relativistic 
Rotating Cylindrical improved configuration for | must be compensated to | Interstellar craft 
shielding maintain equilibrium and 2) Low to moderate speed 
2) Scalable in moderately large | trajectory e possible | interplanetary craft 
to extremely large range maintenance issues with 


3) Impractical for stationary 


rotational machinery orbital craft 


3) Flexible, passive, natural and ? 
intensive farming methods, | 2) Impractical for smaller 
aesthetics craft and orbiting stations 

4) Built-in redundancy 3) Stochastic factors in lincar 
5) Sustainable, multipurpose Da m craft l 

4) Initial construction labor & 


6) Accommodates large crew a à 
resource intensive 


numbers 
5) Comparatively high cost 
Parallel Counter- | 1) Uniform size, rotational | 1) Increased bow profile, | 1) Low to moderate speed 
Rotating Cylindrical balance, reduced maintenance potential shielding issues at | interplanetary craft 
l 2) Scalable in moderately large | hyperspeed 2) Moderate to high speed 
to extremely large range. 2) Impractical for smaller | interstellar craft with 
3) Flexible, passive, natural and craft probable shielding concems 
intensive farming methods, | 3) Stochastic factors in lincar | at high speed 
aesthetics trajectory craft 3) Orbital stations 
4) Built-in redundancy 4) Initial construction labor & 
5) Sustainable, multipurpose resource intensive 
6) Accommodates large crew 5) Comparatively high cost 
Torus, Single or Multi- 1) Size variability 1) Susceptible to radiation | 1) Low to moderate speed 
2) Scalable in moderately large | because of large exposed | interplanetary craft 
to extremely large range. surface area 2) Orbital stations 


3) Flexible, passive, natural and 
intensive farming methods, 
acsthetics 


2) Relativistic speeds 
probably not achievable 
4) Built-in redundancy 

5) Sustainable, multipurpose 

6) Accommodates large crew 

numbers 


Table 9. Design comparison for Eco/Agricultural-Chambers. 


Much of the research being done on plant growth in space today is focused on microgravity 
conditions with very limited space available (e.g. such as exists on the ISS). Obviously we have 
made assumptions here that neither of these constraints will be a factor in the space ark under 
consideration. We therefore believe that a more conventional agricultural system is entirely 
workable. For a space ark mission to succeed, it will have to be. 


Chapter 29: Genesis and Eden Chambers 


In this chapter we explore the need and methods for cryogenic storage of seeds and animal 
gametes for populating habitable planets. In addition, we explore semi-autonomous and 
autonomous methods for reestablishing plant, animal, and human populations should the 
population on the space ark suffer catastrophic losses. 


In order to populate a habitable planet, in the absence of human compatible life forms, a large 
variety of plant and animal species will need to be carried aboard the space ark. Since it is 
impractical to sustain these as living species, it makes more sense to carry them in suspended 
animation until a suitable destination is reached or on board living stocks need to be replenished. 
Such stocks will necessarily include human genetic material. This provides a reasonable backup 
plan for expansion of the human population should the on board population suffer a catastrophic 
loss. The most efficient and reliable way of storing seeds and animal germ plasm is done 
cryogenically. For purposes of the space ark design, we will refer to the cryogenic storage 
facility as the Genesis Chamber. Such facilities already exist on Earth and replicating and 
adapting them for use on a space arc will not be difficult. In addition to storing genetic material 
for the propagation of Earth species, the Genesis Chamber will serve as the in vitro fertilization 
and embryonic development center on the spacecraft. In large part, these processes can and will 
be automated. 


Cryogenic storage of reproductive materials (sperm and ova or possibly just DNA) and in vitro 
fertilization and implantation is an alternative that must be considered, especially in the case of 
potential damage to the human reproductive system during space travel. Using in vitro fertilization 
along with artificial wombs (currently being investigated) or creating humans from basic DNA 
using advanced bioengineering techniques currently being explored, but not yet fully developed, 
may hold the answer to colonizing the cosmos if under manned or unmanned missions are 
undertaken. Reproduction of species in unmanned missions using these methods would 
necessarily require sophisticated robotics with a highly developed cybernetic capability. 


In the event either of the latter methods are applied, it would be essential to have processes and 
facilities in place to raise, nurture, and educate, the children borne of this process to ensure they 
grow into well educated, well adjusted, and healthy adults prepared to sustain the human species. 
That is a very tall order indeed, but not an impossible one that we will discuss further in the 
subsection on the Eden Chamber later in this chapter. 


Artificial wombs will be required for the introduction of the human and other mammalian species 
in the absence of living surrogates. It is also possible to arrange these facilities on robotically 
enhanced smaller spacecraft (seedships) carried aboard the space ark. Artificial wombs are 
currently being researched. According to Arthur L. Caplan, director of the Center for Bioethics at 
the University of Pennsylvania, “sixty years down the line... the total artificial womb will be 
here. It’s technologically inevitable." Artificial wombs for implantation of the fetus already 
exist. Yoshinori Kuwabara, chairman of the Department of Obstetrics and Gynecology at Juntendo 


University in Tokyo, and his colleagues created plastic tanks filled with an amniotic fluid analog, 
coupled it with an artificial placenta, and transferred a goat fetus into it to complete its 
development in a process known as extrauterine fetal incubation or EUFI?'. While there were 
difficulties, including too much room which required the administration of sedatives to limit the 
amount of activity of the “in utero" goat to ensure adequate oxygenation and the side effects of the 
sedative on the matured fetus, it demonstrated that artificial wombs are a viable approach. 
Current technology, however, has not reached the point of providing a safe haven for human fetal 
development, but given the advances in medical science it is likely not far off. 


Among the advances needed will be a flexible envelope that is able to expand as the fetus grows, 
simulating the mammalian womb. Such materials already exist, and experimentation in 
compatibility will likely lead to a reasonable and usable model. Hun-Ching Liu of Cornell 
University has demonstrated the efficacy of growing tissue from endometrium cells and actually 
succeeded in implanting a mouse fetus that developed almost to term, however that development 
was imperfect and the fetus eventually died. Still, this was a first step in ongoing research that 
may ultimately lead to the development of an artificial womb suitable for use in introducing 
mammalian species to distant worlds. While this may not be the goal of current research, its 
application to expanding terrestrial species to distant planets in potentially far-flung star systems 
is clear. Research could well continue on a space ark unfettered by religious and political 
constraints currently governing such activities on Earth. Ethical questions would undoubtedly 
continue, however, given the composition of human populations aboard the ark. 


This, of course, must be coupled with cryogenic applications that allow for long duration 
transport of genetic material. As mentioned earlier, cryogenic storage of genetic material (aka 
germplasm) is a fairly mature technology. Cryogenic storage is currently used for a broad range of 
genetic material. For example, seed banks use this method to preserve seeds as shown in Figures 
182 and 183. Similar methods are used to preserve sperm and ova of human and mammalian 
species. Databases to store the provenance of genetic material are well developed (Figure 184) 
and can easily be stored in the memory of onboard computer systems in spacecraft. The longevity 
of properly stored genetic material is projected to be thousands of years, making this an ideal 
technology to aid in colonizing distant locations especially on unmanned spacecraft. Whether 
manned or unmanned, considerations must be given to system maintenance and control which 
includes replacement of liquid nitrogen due to boil off as well as systematic monitoring and 
adjustment to ensure conditions for future viability are maintained. Additional storage tanks for 
liquid nitrogen will be required to maintain the systems since a typical permanent tank for genetic 
material requires a refill of approximately 56 gallons of LN per week. It also will be necessary to 
design an onboard cryogenic storage facility to recapture the nitrogen that boils off for reuse and 
to prevent excessive nitrogen buildup in the spacecraft. System monitoring and adjustments can be 
performed by crew on manned deep spacecraft except when in stasis if that method is used. 
However unmanned spacecraft will require the use of sophisticated computing and robotic repair 
mechanisms. 


Figure 182. Plant physiologist Christina Walters is lowering a container of seeds into a vat of liquid nitrogen that will cryopreserve 
them. These vats can hold 5,000 containers of up to 2,000 seeds each. Credit: USDA Agricultural Research Service Photo by Scott 
Bauer. 
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Figure 183. Cryostorage at the Agricultural Research Service. Each tank will hold 330 metal containers (metal boxes containing 
tubes of seed samples) on a lazy Susan which holds the samples above the liquid nitrogen and allows easy access to each section. 
Credit USDA ARS. 
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Figure 184. Animal Germplasm Provenance Database. Credit: USDA ARS 


For the overall system to work, a developmental complex, which we will call the Eden Chamber, 
will be necessary where life, particularly human life, can be raised, cared for, educated, and 
prepared to take the next step to colonizing the cosmos. On large space arks, this function will 
proceed much as it does on Earth, with parents or surrogate parents fulfilling the roles of child 
rearing. However, in the event of a catastrophic event resulting in massive deaths and casualties, 
many of these functions would necessarily fall to robotic androids. In this case a primary Eden 
facility would need to contain multiple subchambers including a nursery, initial development 
center, preschool, and a primary education facility. Secondary, higher education and technical 
training centers, as well as access to dining, recreational, and other life sustaining space ark 
facilities would still be available in the main habitable toruses, assuming the space ark is still 
functional, even in the absence of other humans and it has been cleansed of victims of any 
catastrophic occurrence. [NOTE: Even though primary ark systems can be automated, lack of 
any human crew would eventually result in multiple failures that would effectively mean 
mission failure.] 


In the nursery should human attendants be unavailable, android robots capable of providing 
human-like care, including the critical aspect of physical contact so necessary to proper 
development, as well as the typical child rearing functions of feeding, clothing, changing, and 


comforting a child will be absolutely essential. As children grow and develop, the androids 
would need to be capable of providing discipline, basic moral training, conflict resolution, and 
typical parental nurturing. Education could be provided using remote education techniques such 
as those used for children located in remote sites here on Earth. Recordings of actual classroom 
lectures or virtual representations of them combined with interactive training using techniques and 
programming similar to that used in cell phones, but on a more sophisticated level, would be 
required to engage and challenge the students in the educational process. 


Clearly we have much work to do in producing android robots with the level of capability 
envisioned here, but given the rapid rate of technological growth, it is likely that capability, or 
something very close to it, will exist within the next ten years, fully within the anticipated 
schedule for constructing a space ark. In addition, further work on improvement of sophisticated 
robotics could and should continue aboard the spacecraft. 


Unmanned vessels present a more difficult set of problems. Introducing plant and animal species 
to new, non-terrestrial environs, assuming they closely match Earth's, should be a relatively 
smooth and entirely possible process. However rearing and educating children may prove 
difficult, even if sentient robots are developed and used. Perhaps the best solution for expanding 
the human presence is through robotic missions which include adult humans kept in some form of 
biostasis until an appropriate and habitable destination is reached, an approach that is being 
explored by NASA and other space agencies described below. 


Induced torpor, has been proposed to NASA by Spaceworks Engineering? as a potential solution 
for missions to Mars. Essentially the proposal relies on reducing crew member body 
temperatures to 10? F to reach a 50-7596 reduction in metabolism. According to their proposal, a 
"neuromuscular blockade" will be used to reduce the shiver reaction and prevent movement of 
the subjects, while a “Total Parenteral Nutrition aqueous solution" will provide necessary 
nutrients and hydration to sustain the subjects while in the special “Torpor Inducing Transfer 
Habitats.” Although limited information is available on NASA's site (Torpor Inducing Transfer 
Habitat NASA - link renamed by authors for convenience), medical challenges to this technology 
are extant as well. These seem more tractable than complete cryostasis however, and such an 
approach may provide a much more viable solution deep space smaller habitable planet seed 
ships carried aboard the space ark. 
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Figure 185.. TITH. Credit NASA. 


An alternative induced torpor is chemical induced biostasis or suspended animation. Researchers 
have induced such states in mice, effectively slowing the cardiovascular system and metabolism, 
using hydrogen sulfide in controlled low doses and then successfully reanimated them without any 
apparent deleterious effects.? The studies showed that core temperature, heart and respiration 
rates, arterial pressure, oxygen consumption, and carbon dioxide production were all reduced. 
Although this has direct implications for normal use in anesthesia, its employment for prolonged 
stasis is an unknown quantity. In the presence of oxygen and water, as would be encountered in 
lung tissue, hydrogen sulfide produces sulfuric acid by hydrolysis: 


SO, (g) + H,O (I) = H,SO, (aq) 


250, (g) + O, (g) > SO; (g) 
SO, (g) + H,O (I) ^ H,SO, (aq) 


Sulfuric acid damages lung tissue, producing pulmonary edema. While the Massachusetts General 
Hospital studies showed no such effects in the subject mice, the concentrations of sulfur dioxide 
were low and exposure times relatively limited. The effect of long term suspended animation 
using this method, as well as the concentrations necessary to induce such a state in human subjects 
are unknown as of this writing, although clinical trials for anesthesia application of SO, are being 
planned. These studies are focused on short term anesthesia, so it is clear that application to long 
term chemical stasis using SO, or other chemical agents that may serve this purpose will need to 


be studied extensively before they are determined to be safe and effective. 


No matter what method is used to induce biostasis or torpor, the long term impacts to muscle mass 
(in the case of torpor) and/or muscle function due to hypokinesia will have to be addressed. 
Perhaps the best scenario for extended human spaceflight would employ torpor, rather than stasis, 
so the crew could periodically be returned to an active status to not only exercise for muscle mass 
and flexibility maintenance, but to conduct periodic monitoring of flight systems and progress. If, 
however, the techniques for this can be perfected, colonizing habitable planets with small 
pioneering crews using scaled down Genesis and Eden chambers is possible, leaving the space 
ark to continue its journey to find additional habitable planets. 


Chapter 30: Exploration and Landing Craft 


The size of the space ark will preclude landing it on any habitable planet, using it for close 
inspection of other habitable planets or replenishing its resources. Other, smaller craft will 
be required for these operations. We therefore consider in this chapter the sorts of craft 
might be harbored in the ark to fulfill these missions. 


To accomplish such missions as recovering resources from asteroids or other bodies; ranging 
ahead of the space ark to explore and then return; or deliver a landing party to a moon or planet, 
there will need to be small specialized craft aboard the ark. Since each of these missions will 
have specific requirements, the spacecraft needed to execute them will have different 
configurations. All such craft should be equipped with Vertical Takeoff Vertical Landing (VT'VL) 
capabilities. VI'VL would enable the various craft to land on planetary bodies and take off 
without needing a runway. Exiting and returning to a hangar on the ark can be accomplished by 
using RCS thrusters since there will be no artificial gravity in the main hull that houses the 
hangars. 


Small fast exploratory craft, capable of ranging afield of the space ark and then returning might 
resemble space planes like Sierra Nevada Corporation's Dream Chaser (Figure ) and carry a 
crew of perhaps five. Such a configuration would not only allow the craft to maneuver in space, 
but would give it the capability to enter an atmosphere and land on a planetary surface. If 
equipped with VIVL, it would not need a runway. These added capabilities would undoubtedly 
result in a craft of larger size than the Dream Chaser, but the basic design could closely follow its 
lines. 


Figure 186. Dream Chaser. Credit: NASA Dreyden Flight Research Center 


Small space exploratory craft intended for asteroid and other planetary body exploration have 
been pursued by NASA and other agencies in recent years. A prototype that is an adaptation of the 
wheeled Space Exploration Vehicle shown in Figure 140 in Chapter 22 has been built for use in a 
free space environment (Figures 187 and 188). It would be possible to carry several of these 
vehicles aboard the ark since they are relatively small. However, they would require a launch and 
recovery vehicle to deliver them and provide longer term support on missions of any distance 
from the space ark. 


Planetary landers can be launched from an orbiting space ark if a habitable planet it found. In 
orbit, the ark can provide logistical, medical, and navigational support to the surface. Landers can 
serve to deliver both personnel and equipment to the surface. Several configurations have already 
been designed and tested. One design, the Morpheus (Figure 189), is fueled by a system ideal for 
the space ark we envision since it is a methane LOX mix. Other configurations could also use this 
fuel. A NASA proposed Lunar Lander uses H, LOX for descent and methane LOX for ascent 


(Figure 190). 


Figure 188. Artist's conception of SEV in operation. Credit: NASA. 


Figure 189. The Morpheus Lander. Credit: NASA 
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Figure 190. NASA's Proposed LSAM. Credit: NASA 


Certainly new configurations will be available for all of these craft in the not-to-distant future, so 
we can assume that the space ark will be adapted to accommodate whatever smaller craft it 
carries as long as they meet mission criteria. 


SECTION FIVE: FLIGHT OPERATIONS 


Chapter 31: Beginning the Journey - Powered Flight 


In this chapter we discuss the initiation of flight, consider potential nearby target star 
systems and potential habitable planets that have been identified. In so doing, we do not 
consider colonization of Mars as an objective of a space ark mission, choosing rather to 
focus on more distant possibilities where we may find amenable atmosphere and terrestrial 
environs that do not require either terraforming or extensive life support. 


In previous chapters we have discussed the various propulsion systems that the space ark will 
use. The nuclear engines will provide the initial thrust to start the ark's journey. Because of the 
mass of the ark and the fact that these engines can be throttled up gradually, G forces should 
remain relatively low, allowing the spacecraft to gradually build velocity. The chemical rockets 
can be held in reserve or used collaterally with the nuclear engines for added thrust. Within the 
solar system, or any solar system, it will be possible to augment thrust or sustain and 
incrementally increase velocity with solar sails even with the nuclear engines shut down. For a 
slow build of velocity once the main engines have been shut down, the ion engine can be engaged. 


Because we have not calculated the total mass of the spacecraft, we cannot calculate the thrust to 
mass ratios and thus determine potential velocity. Suffice it to say it will be some minor 
percentage of the speed of light, but perhaps greater than that of Voyager and other deep space 
probes. In terms of distance, it will be slow, but that is its purpose, to get there over several 
generations. But get where? 


We have just scratched the surface in our quest to identify habitable planets, so the voyage of the 
ark will be one of discovery. Part of its mission will be to blaze a trail into the galaxy and collect 
as much scientific data as possible to pave the way for future explorers. So let us examine 
potential targets of interest. To be specific, these are planets found in the “habitable zone" by the 
Kepler Space Mission. Whether or not they are indeed habitable remains an open question, but 
one that can only be answered by closer observation and exploration. 


A complete list of exoplanets that have been identified can be found on the Planetary Habitability 
Laboratory's web site at: http://phl.upr.edu/projects/habitable-exoplanets-catalog/data/database. 
None has been catalogued as habitable based on the following index they provide. 


Potentially habitable planets are evaluated on seven different criteria: 


e Earth Similarity Index (ESI)—Similarity to Earth on a scale from 0 to 1, with 1 being the 
most Earth-like. ESI depends on the planet's radius, density, escape velocity, and surface 
temperature. 


e Standard Primary Habitability (SPH)—Suitability for vegetation on a scale from 0 to 1, with 
1 being best-suited for growth. SPH depends on surface temperature (and relative humidity if 
known). 


e Habitable Zone Distance (HZD)— Distance from the center of the star’s habitable zone, 
scaled so that -1 represents the inner edge of the zone, and +1 represents the outer edge. 


HZD depends on the star's luminosity and temperature and the size of the planet's orbit. Note 
that even though many planets have an HZD value similar to Venus (-0.93), including 
Kepler-438b, the HZD is not used to rule on whether a planet has suffered a runaway 
greenhouse effect or not, and therefore, Kepler-438b is currently assumed to be a mesoplanet 
rather than a hyperthermoplanet. 


e Habitable Zone Composition (HZC)—Measure of bulk composition, where values close to 
zero are likely iron-rock-water mixtures. Values below -1 represent bodies likely 
composed mainly of iron, and values greater than +1 represent bodies likely composed 
mainly of gas. HZC depends on the planet's mass and radius. 


e Habitable Zone Atmosphere (HZA)—Potential for the planet to hold a habitable atmosphere, 
where values below -1 represent bodies likely with little or no atmosphere, and values 
above +1 represent bodies likely with thick hydrogen atmospheres (e.g. gas giants). Values 
between -1 and +1 are more likely to have atmospheres suitable for life, though zero is not 
necessarily ideal. HZA depends on the planet's mass, radius, orbit size, and the star's 
luminosity. 


e Planetary Class (pClass)—Classifies objects based on thermal zone (hot, warm, or cold, 
where warm is in the habitable zone) and mass (asteroidan, mercurian, subterran, terran, 
superterran, neptunian, and jovian). 


e Habitable Class (hClass)—Classifies habitable planets based on temperature: 
hypopsychroplanets (hP) = very cold (< -50 °C); psychroplanets (P) = cold; mesoplanets 
(M) = medium-temperature (0-50 °C; not to be confused with the other definition of 
mesoplanets); thermoplanets (T) = hot; hyperthermoplanets (hT) = very hot (> 100 °C). 
Mesoplanets would be ideal for complex life, whereas class hP or hT would only support 
extremophilic life. Non-habitable planets are simply given the class NH. 


Of the thousands of exoplanets currently identified, only the following are considered potentially 
habitable”: 


Table 10. Current Number of Potentially Habitable Exoplanets 


Subterran Terran Superterran Total 
(Mars-size) (Earth-size) (Super-Farth) 
0 10 21 31 


subterran = 0.1 — 0.5 M, or 0.4 — 0.8 R,, terran = 0.5 — 5 M, or 0.8 — 1.5 R, superterran = 5 — 10 M, or 1.5 — 2.5 
R, M, = Earth masses, and R, = Earth radii. 


Name Type Mass Radius Hux T, Period Distance ESI 

(Mj) (R,) (E) K (days) (ly) 
001. Kepler-438 b K-Warm Terran 4.0-1.3-0.6 11 1.38 276 35.2 473 0.88 
002. Kepler-296 e M-Warm Terran 12.5 -3.3 - 1.4 1.5 1.22 267 34.1 1692 0.85 


003. GJ 667C c M-Warm Terran 3.8 1.1 -1.5 - 2.0 0.88 247 28.1 24 0.84 


004. Kepler-442 b K-Warm Terran 82-23-1.0 1.3 0.70 233 112.3 1115 0.84 
005. Kepler-62 e K-Warm Superterran 18.7-4.5- 1.9 1.6 110 261 122.4 1200 0.83 
006. Kepler-452 b (N) G-Warm Superterran 19.8 - 4.7 - 1.9 1.6 111 261 384.8 1402 0.83 
007. GJ 832c M-Warm Superterran 5.4 1.2-1.7-22 1.00 253 35.7 16 0.81 
008. EPIC 201367065 d M-Warm Superterran 14.1-3.7- 1.5 1.5 151 282 44.6 147 0.80 
009. Kepler-283 c K-Warm Superterran 35.3 - 7.0 - 28 1.8 0.90 248 92.7 1741 0.79 
010. tau Cet e* G-Warm Terran 4.3 1.1 - 1.6 - 2.0 1.51 282 168.1 12 0.78 
011. GJ 180 c* M-Warm Superterran 6.4 1.3 - 1.8 - 2.3 0.79 239 24.3 38 0.77 
012. GJ 667C f* M-Warm Terran 2.7 1.0- 1.4 - 1.8 0.56 221 39.0 24 0.77 
013. Kepler-440 b K-Warm Superterran 412-7.7-34 1.9 143 273 101.1 851 0.75 
014. GJ 180 b* M-Warm Superterran 83 1.3 - 1.9 - 2.4 1.23 268 17.4 38 0.75 
015. GJ 163 c M-Warm Superterran 7.3 1.3 - 1.8 - 2.4 1.40 277 25.6 49 0.75 
016. HD 40307 g K-Warm Superterran 7.1 1.3 - 1.8 - 2.3 0.68 227 197.8 42 0.74 
017. EPIC 201912552 b M-Warm Superterran N/A - 16.5 - 6.0 22 0.94 251 32.9 111 0.73 
018. Kepler-61 b K-Warm Superterran N/A - 13.8 - 5.2 2.2 127 267 59.9 1063 0.73 
019. Kepler-443 b K-Warm Superterran N/A - 19.5 - 7.0 23 0.89 247 177.7 2540 0.71 
020. Kepler-22 b G-Warm Superterran N/A - 20.4 - 7.2 24 111 261 289.9 619 0.71 
021. GJ 422 b* M-Warm Superterran 9.9 1.4 - 2.0 - 2.6 0.68 231 26.2 41 0.71 
022. GJ 3293 c* M-Warm Superterran 8.6 14-19-25 0.60 223 48.1 59 0.70 
023. Kepler-298 d K-Warm Superterran N/A - 26.8 - 9.1 2.5 129 271 77.5 1545 0.68 
024. Kapteyn b M-Warm Terran 4.8 1.2-1.6-2.1 0.43 205 48.6 13 0.67 
025. Kepler-62 f K-Warm Terran 10.2 - 2.8 - 1.2 1.4 0.39 201 267.3 1200 0.67 
026. Kepler-174 d K-Warm Superterran N/A - 14.8 - 5.5 2.2 0.43 206 247.4 1174 0.61 
027. Kepler-186 f M-Warm Terran 4.7 - 1.5 - 0.6 1.2 0.29 188 129.9 561 0.61 
028. GJ 667C e* M-Warm Terran 2.7 1.0 -1.4-1.8 0.30 189 62.2 24 0.60 
029. Kepler-296 f M-Warm Superterran 28.7 -6.1 - 2.5 1.8 0.34 194 63.3 1692 0.60 
030. GJ 682 c* M-Warm Superterran 8.7 14-19-25 0.37 198 57.3 17 0.59 
031. KOI-4427 b* K-Warm Superterran 38.5 - 7.4 - 3.0 1.8 0.24 179 147.7 782 0.52 


Comparative sizes of some of the potentially habitable exoplanets with planets in our solar 
system are provided in Figure 191. There is no guarantee that these planets will be habitable, 
however, and it is entirely possible some potentially habitable planets closer to Earth may not 
have been discovered. The closest star system to us is Proxima Cenarti (4.24 light years distant), 
which has been suggested as one worthy of early exploration efforts. Once underway, who knows 
what we may find? 
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Figure 191. Comparative Size of Exoplanets With Representative Planets. Credit: Planetary Habitability Laboratory 


Chapter 32: Harnessing the Stars and Planets 


Conservation of fuel will be important, even though production of methane and oxygen to 
replenish fuel for the chemical rockets and additional nuclear fuel will be carried aboard 
the ark. Therefore we consider alternative ways of gaining speed through the use of solar 
sails and by execution of slingshot (Oberth) maneuvers. 


One way for a spacecraft to accelerate without using excessive amounts of fuel is by deploying a 
solar sail or sails with sufficient surface area to capture the solar wind much as a sailboat 
captures wind on the oceans. A maneuver that helps generate a higher level of thrust is done by 
guiding the spacecraft close to the sun (or any star) in what is commonly referred to as a “dive 
and fry" slingshot (Oberth) maneuver. James Essig's calculations for potential velocities for 
various solar sail materials currently available are presented below. Additional information on 
alternative fuels and Oberth maneuvers is found in Appendix D. 


The following results are derived from known formulas and assume reasonable approach 
distances for solar sail deployment. 


1A) Solar Dive And Fry Case 1A: (1/1.15) Micron Metalized Nylon & 0.3 A.U Solar 
Approach. 


Consider a solar sail made of Nylon with density of 1.15 metric tons per cubic meter. A (1/1.15) 
micron thick sheet having surface area equal to one square kilometer will have a mass of one 
metric ton or 0.001 kilograms per square meter. Here, we will assume 0.3 A.U. approach to the 
Sun. We will assume a reflectivity of f = 0.8. The terminal velocity; V = 90 km/second. 


1B) Solar Dive And Fry Case 1B: (0.1/1.15) Micron Metalized Nylon & 0.3 A.U Solar 
Approach. 


Consider a solar sail made of Nylon with density of 1.15 metric tons per cubic meter. A 
(0.1/1.15) micron thick sheet having surface area equal to one square kilometer will have a mass 
of 0.1 metric ton or 0.0001 kilograms per square meter. Here, we will assume 0.3 A.U. approach 
to the Sun. We will assume a reflectivity of f = 0.8. The tterminal velocity; V = 285 km/sec. 


1C) Solar Dive And Fry Case 1C: (1/1.42) Micron Metalized Kapton & 0.3 A.U Solar 
Approach. 


Consider a solar sail made of Kapton with density of 1.42 metric tons per cubic meter. A (1/1.42) 
micron thick sheet having surface area equal to one square kilometer will have a mass of one 
metric ton or 0.001 kilograms per square meter. Here, we will assume 0.3 A.U. approach to the 
Sun. We will assume a reflectivity of f = 0.8. The tterminal velocity; V = 90 km/second 


1D) Solar Dive And Fry Case 1D: (0.1/1.42) Micron Metalized Kapton & 0.3 A.U Solar 
Approach. 


Consider a solar sail made of Kapton with density of 1.42 metric tons per cubic meter. A 
(0.1/1.42) micron thick sheet having surface area equal to one square kilometer will have a mass 


of 0.1 metric ton or 0.0001 kilograms per square meter. Here, we will assume 0.3 A.U. approach 
to the Sun. We will assume a reflectivity of f = 0.8. The tterminal velocity; V = 285 km/sec. 


2A) Solar Dive And Fry Case 2A: (1/1.15) Micron Metalized Nylon & 0.6 A.U Solar 
Approach. 


Consider a solar sail made of Nylon with density of 1.15 metric tons per cubic meter. A (1/1.15) 
micron thick sheet having surface area equal to one square kilometer will have a mass of one 
metric ton or 0.001 kilograms per square meter. Here, we will assume 0.6 A.U. approach to the 
Sun. We will assume a reflectivity of f = 0.8. The termanal velocity; V = 60 km/sec. 


2B) Solar Dive And Fry Case 2B: (0.1/1.15) Micron Metalized Nylon & 0.6 A.U Solar 
Approach. 


Consider a solar sail made of Nylon with density of 1.15 metric tons per cubic meter. A 
(0.1/1.15) micron thick sheet having surface area equal to one square kilometer will have a mass 
of 0.1 metric ton or 0.0001 kilograms per square meter. Here, we will assume 0.6 A.U. approach 
to the Sun. We will assume a reflectivity of f = 0.8. The terminal velocity; V = 195 km/sec 


2C) Solar Dive And Fry Case 2C: (1/1.42) Micron Metalized Kapton & 0.6 A.U Solar 
Approach. 


Consider a solar sail made of Kapton with density of 1.42 metric tons per cubic meter. A (1/1.42) 
micron thick sheet having surface area equal to one square kilometer will have a mass of one 
metric ton or 0.001 kilograms per square meter. Here, we will assume 0.6 A.U. approach to the 
Sun. We will assume a reflectivity of f = 0.8. The terminal velocity; V = 60 km/sec. 


2D) Solar Dive And Fry Case 2D: (0.1/1.42) Micron Metalized Kapton & 0.6 A.U Solar 
Approach. 


Consider a solar sail made of Kapton with density of 1.42 metric tons per cubic meter. A 
(0.1/1.42) micron thick sheet having surface area equal to one square kilometer will have a mass 
of 0.1 metric ton or 0.0001 kilograms per square meter. Here, we will assume 0.6 A.U. approach 
to the Sun. We will assume a reflectivity of f = 0.8. The terminal velocity; V = 195 km/sec 


Kapton® Type HN, all-polyimide film, has been used successfully in applications at temperatures 
as low as —269?C (— 452°F) and as high as 400°C (752?F). 


3A) Solar Dive And Fry Case 3A: (0.01/2.0) Micron Metalized Graphene & 0.3 A.U Solar 
Approach. 


Consider a solar sail made of metalized Graphene with density of 1.5 - 2.0 g/cm’ or metric tons 
per cubic meter. A (0.01/2.0) micron thick sheet having surface area equal to one square 
kilometer will have a mass of 0.01 metric ton or 0.00001 kilograms per square meter. Here, we 
will assume 0.3 A.U. approach to the Sun. We will assume a reflectivity of f = 0.8. The terminal 
velocity; V = 900 km/second 


3A) Solar Dive And Fry Case 3A: (0.005/2.0) Micron Metalized Graphene & 0.3 A.U Solar 
Approach. 


Consider a solar sail made of metalized Graphene with density of 1.5 - 2.0 g/cm’ or metric tons 
per cubic meter. A (0.005/2.0) micron thick sheet having surface area equal to one square 
kilometer will have a mass of 0.005 metric ton or 0.000005 kilograms per square meter. Here, we 
will assume 0.3 A.U. approach to the Sun. We will assume a reflectivity of f = 0.8. The terminal 
velocity: V = 1,200 km/sec 


3B) Solar Dive And Fry Case 3B: (0.01/2.0) Micron Metalized Graphene & 0.6 A.U Solar 
Approach. 


Consider a solar sail made of metalized Graphene with density of 1.5 - 2.0 g/cm’ or metric tons 
per cubic meter. A (0.01/2.0) micron thick sheet having surface area equal to one square 
kilometer will have a mass 0.01 metric ton or 0.00001 kilograms per square meter. Here, we will 
assume 0.6 A.U. approach to the Sun. We will assume a reflectivity of f = 0.8. The terminal 
velocity; V = 600 km/sec. 


4A) Solar Dive And Fry Case 4A: (0.005/2.0) Micron Metalized Graphene & 0.6 A.U Solar 
Approach. 


Consider a solar sail made of metalized Graphene with density of 1.5 - 2.0 g/cm’ or metric tons 
per cubic meter. A (0.005/2.0) micron thick sheet having surface area equal to one square 
kilometer will have a mass of 0.005 metric tons or 0.000005 kilograms per square meter. Here, 
we will assume 0.6 A.U. approach to the Sun. We will assume a reflectivity of f = 0.8. The 
tterminal velocity; V = 900 km/sec. 


Generally, such sails can be used to accelerate space ark style craft to the exemplar terminal 
velocities. For example, if we assume a one million metric ton space-ark deploys a sail having a 
mass of one million metric tons for which the sail has a mass of 0.0025 metric tons per square 
kilometer, the effective area density of the sail would be 0.005 metric tons per square kilometer. 
The required sail area would be 400 million square kilometers. This works out to a square sail 
which is 20,000 kilometers on edge. Such sails although large, have plausible means of 
deployment. 


For example, a sail may be composed of numerous tiles when deployed. The configuration of the 
sail can include a spined like spread of pre-deployed units for which unfurling or unfolding 
occurs simultaneously or in a suitable temporal pattern. The deployment of the unit tiles may be 
accomplished by electro-mechanical actuators or perhaps by an electrical repulsive charging of 
the pre-deployed tiles and/or repulsive magnetic mechanisms. 


For cases where such a solar sail craft would attain, say, 1,000 km/sec on sail mode, an 
additional 1,000 km/sec can be obtained with nuclear electric propulsion for which a small mass 
ratio craft is propelled by nuclear fission reactors. It may even be possible that the sail material 
itself could be recovered and used as a reaction mass in nuclear electric propulsion systems. 


Employing a nuclear thermal rocket or advanced chemical rocket in a powered flyby (gravity 
assist or Oberth maneuver - Figure 192) using the Sun and very close approach, a Av for a rocket 
burn of only 45 km/sec would automatically enable an exiting velocity of over 230 km/sec. When 
combined with the otherwise accrued 2,000 km/sec, a terminal velocity of 2,300 km sec is 


attained. Such a profile will enable a space ark to reach the Alpha Centauri system in about 400 
years background time and a slightly shorter time span in the shift frame due to small time dilation 
effect. 
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Figure 192. Simplified Diagram of Gravity Assist (Oberth) Maneuver. Credit: “Gravitational slingshot” by Leafnode - Own work. 
Licensed under CC. 


Multiple such maneuvers could be executed to increase the velocity of the space ark as new 
planets or stars are encountered. Careful attention, however, will have to be paid to g-forces and 
stress limits of the space ark and its passengers. High accelerations should be avoided to 
minimize those effects. 


These concepts are not new, in fact they have been employed to a greater or lesser degree by 
various spacecraft we have launched in the past. The guiding principles for those flights will 
continue to be employed for future flights, including exploration craft such as the space ark. 


SECTION SIX: HUMAN 
CONSIDERATIONS 


Chapter 33: Human Tolerances 


The human body is a remarkable machine, capable of great dexterity, self healing within 
limits, and mental capabilities. Deep space missions, particularly generation ships such as 
the space ark will present significant challenges for humans. Since EVAs require humans to 
venture into the hostile environment of space and microgravity conditions exist in the 
central hull, we must explore the effects of those conditions can have on the human body. 
Similarly, we must explore the effects of isolation from Earth on the human psyche. [NOTE 
part of this chapter is adapted from Chapter 39 of The Cosmic Wanderer]. 


Throughout this book we have explored some of the means to propel a spacecraft through space. 
We have considered methods of shielding the craft from the destructive forces of heat and 
radiation. Both of these factors are critical to crew survival, but beyond that we have not even 
scratched the surface of the life sustaining requirements of such a monumental undertaking as 
interstellar travel. Designing the craft that will carry humankind beyond the bounds of our tiny 
solar system to explore deep space is, in itself, a massive task that will require every bit of 
scientific and engineering knowledge we currently possess and much that must be developed in 
the near future. It will take a holistic approach that employs an unprecedented scope and spirit of 
multidisciplinary cooperation. 


In past manned space flight missions, whether orbiting the earth or venturing to the moon, virtually 
all of the life sustaining necessities were carried onboard as expendable or consumable items. 
Breathable gases were stored in high pressure or cryogenic tanks and used as required, slowly 
dwindling without hope of replenishment, limiting both the distance and duration of the journey. 
Contaminants in the cabin atmosphere were removed by filtration and, with space and weight 
restrictions, these were also mission time-limiting apparatuses. Similarly, water and food were 
carried onboard with little room for varying the duration of the flight. Even later, in Skylab, Mir, 
the Space Shuttle, and even the International Space Station (ISS), life sustaining necessities 
continued to depend upon replenishment of consumables from terrestrial sources. 


Deep space missions will require a paradigm shift. Systems must make the transition from 
expendable to sustainable, from consumable to regenerative. In anticipation of manned Mars 
missions, research into regenerative systems has already begun. Marshall Space Flight Center has 
been engaged in developing the Environment Control and Life Support System (ECLSS) for the 
ISS for nearly two decades. The ECLSS is, however, a mechanical system, an engineering 
solution that, as currently designed, still vents carbon dioxide and hydrogen gas to space. For a 
colony ship or deep space vehicle to be truly independent, the system must be closed, essentially 
a self-contained biosphere capable of producing light, an atmosphere, water and sustenance, 
while at the same time processing and reusing waste products just as the terrestrial environment 
does. Simple in concept, it is extremely complex in execution. The fact is, we are still making 
new discoveries in our environmental systems and the intricacies of their interactions here on 
Earth. Although we have a reasonably good grasp on the fundamentals, the big question is, can we 
scale back the complexity and still have a workable, self-sustaining system applicable to 


traveling extreme distances over great time? We propose that it is possible with careful planning 
and attention to detail in the construction of the craft and the execution of proper management 
during the mission. 


So, what are the basic requirements for sustaining life? Most scientists agree there are three basic 
categories: useable atmosphere, water, and nutrients. To that we can add light, gravity and 
climate. Why? Simply because living organisms in our world evolved to exist under a specific 
range of conditions. So, even before we consider creating a closed system biosphere that 
provides the necessities and a livable climate that will withstand the rigors of deep space travel, 
fundamental consideration must be given to gravity. 


Gravity. Human and other biological systems are generally adversely affected by both 
hypergravity and microgravity. Terrestrial organisms were evolved and adapted in the presence 
of gravity on this planet, designated 1g and defined as acceleration of a mass due to that gravity as 
derived from Newton's law of universal gravitation. In the absence of gravity, or very low 
gravity, the human body suffers circulatory issues, muscle atrophy, loss of bone density, and 
potential adverse effects to the immune system. In addition, reproductive mechanisms are affected 
by altered gravity. The following graphic illustrates the areas of the human body currently known 
to be affected by uG.” 
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Figure 193. Copy of “Figure 1.” 


In the following subsections, we briefly discuss some of the effects of uG on the human system. 
The treatment of this subject is in summary form and by no means comprehensive, however the 
reader is directed to additional resources in a reading list for more comprehensive references on 
this area of interest. One also needs to understand that much is still unknown about the effects of 
long-term exposure to microgravitational influences and much research remains to be done. This 
is why a space ark will require artificial gravity and exposure to uG will be kept at a minimum. 


Effects on the Cardiovascular System. Effects of microgravity on the cardiovascular system are 
both direct and derivative. The primary direct effect is the redistribution of intravenous and 
interstitial fluids in the body from the extremities to the central thoracic region. The redistribution 
triggers a number of derivative responses in the human system. These include changes in blood 
pressure; a reduction in volume of fluids as the body (via the brainstem) reacts and compensates 
for the redistribution by excreting a perceived excess; a reduction in heart rate and output; 
reduction in heart size and stroke volumes (e.g. early Skylab data suggested reduction in 
ventricular stroke volumes between 2096 -3096.?9). head congestion and facial puffiness; and a 
loss of mass in the extremities (particularly the legs). It is interesting to note, however, that the 
redistribution of fluids appears to have no negative impact on cerebral autoregulation, in fact a 
slightly positive effect has been noted (Iwasaki, et al, 2006). 


Effects on the Musculoskeletal System. Prolonged, unmitigated exposure to uG causes a loss of 
bone mass (osteopenia) and muscle (atrophy). Continuity of muscle tone and mass as well as bone 
density in humans is directly related to gravitational resistance. In past studies it was suggested 
that metabolic processes for bone production may be impaired based on animal studies, however 
more recent analyses demonstrate that human bone loss is due primarily to calcium resorption." 
Bone mass loss of 196 - 296 per month has been noted. Resorption results in excretion of calcium 
via urine and feces, and in the former increases the probability of developing kidney stones. Loss 
of muscle mass is due largely to fluid redistribution, with lack of resistance contributing to 
atrophy of muscle tissue in uG. 


Effects on the Neurological System. Studies have shown that there is attendant disorientation in 
uG. In part This is due to effects on the vestibular apparatus, including the otolith organs and 
semicircular canal of the ear. Space sickness during the primary stages of the G environment is 
prevalent in astronauts, however the brain rapidly compensates for this, but not without 
consequences in long-term travel. Some studies suggest that otoliths (microscopic calcium 
carbonate particles that help detect motion) can degenerate with prolonged exposure to pG”. 
Neurosensors for touch and pressure do not feel downward pressure, especially in the 
extremities, which alters the body's sense of spatial orientation. Intracranial pressure due to the 
redistribution of fluids puts pressure on the optic nerve, potentially impacting vision, especially 
during very long missions such as that to Mars. In addition, close quarters, isolation, and often 
boredom have neuropsychological affects, although these are more related to human reaction and 
interaction aboard a spacecraft than directly to uG. 


Effects on the Immune System. Several adverse effects on the human immune system have been 


recorded during various missions, including Mir, the Space Shuttle, and the ISS. Among them are 
changes in leucocyte blastogenesis and cytokine and interferon production. B- and T-cell 
interactions are impeded, and, in fact, T-cell production is inhibited. Implications for adverse 
impacts on the ability of the body to resist disease, an increased potential for cancerous tumors, 
etc. exist and, when coupled with reduced circulation, healing times are likely to be increased, 
but definitive results are lacking at this point. Much research needs to be done before any firm 
conclusions can be drawn, and then much more research will be required to find solutions to 
medical issues posed by uG. 


Effects on Reproduction. Studies have shown that sexual reproduction in living organisms may 
be impacted adversely in both hyper- and microgravity. Researchers have demonstrated that 
sperm cells react differently under hypergravity (+G) and microgravity (pG). In experiments 
conducted by NASA funded researcher Joseph Tash, it was determined that activated sea urchin 
sperm motility decreases beginning at as little as 1.3G and that fertilization decreases by as much 
as 5096 in hypergravity. Conversely, motility increases in microgravity, but the timing for the 
release of DNA in an egg may be affected. This is due to a delay of phosphorylation - the process 
that regulates the release of phosphatase that tells the tale of the sperm to slow down or stop.” 
More recently, in controlled 3-D clinostat experiments that accurately mimic uG conditions, 
Sayaka Wakayama and his team demonstrated detrimental effects on preimplantation in vitro 
development of mammalian ova in microgravitational environments.? Other studies have 
conducted on reproduction in fish, amphibians, and birds, as well as plants with varying results. 
But it is important to note that the study of reproduction in space remains in its infancy. As 
reproductive science matures, it is imperative that effective solutions that allow successful sexual 
reproduction under conditions of hyper- and microgravity or a means of sustaining artificial 
gravity at 1g, such as is proposed in our space ark design, or else prolonged, multigenerational 
colony ships and deep space exploration will be pointless. If reproduction breaks down, 
sustainable systems involving sexual reproduction will be impossible. Colonization of distant 
planets or moons with greater or less gravity than earth may also be in jeopardy. 


Current Methods of Mitigating the Effects of G. Counteracting the effects of uG currently 
employs a variety of mechanical and pharmacological tools. Space medicine and spacesuit 
evolution have come a long way since the first orbital missions, both in terms of in flight and 
extravehicular activities (EVA). Some exciting new studies undertaken by Dava Newman, Ph.D. 
at MIT have led to the design of a “second skin": space suit dubbed the “Bio Suit’ that uses a 
combination of active and passive mechanisms to simulate gravitational resistance to movement, 
thereby acting as a counterbalance to uG and reducing its effects on the human body. This along 
with a new generation of launch and reentry suits and EVA suits designed for exploration offer 
significant advances for astronauts working and living in uG conditions. 


Resistive training or exercise is used on the ISS to help ameliorate the deconditioning effects of 
uG. These include treadmill running with an elasticized harness, cycling with a bicycle 
ergometer, and pulling against bungee cords. While resistive training helps, it is not enough alone 
to prevent some effects, such as fluid redistribution. Another proposal currently being tested are 
centrifugal apparatus designed to generate centripetal force that mimics 1g, but these devices are 


currently designed for use by a one or two individuals at a time, and then for limited time periods. 
Training and space suits, however, are more of a stop-gap method than a permanent solution to 
long-term and long-distance space travel in uG. 


Space pharmacology is also in its infancy. Using traditional medications to counteract [1G effect, 
for example, produces a mixed bag of results. Some are quite effective (e.g. pain medication 
delivered via injection), while others are less so. In addition, NASA low Earth orbit studies 
aboard the ISS demonstrate that both food and medicine lose some of their effectiveness in space. 
Food loses nutritional value, and medicine loses potency. It is highly possible that radiation 
bombardment is degrading food and medicine, although confirming data must yet be collected. 
One thing is certain, factors adversely impacting nutrients and medicines have enormous 
implications for long-term deep space missions and are driving current research efforts to 
develop new methods of either more adequately protecting stores from radiation or ways of 
manufacturing food and medicines from basic building block materials in transit. 


The artificial gravity provided by rotating toruses in our proposed design should address all of 
these issues, however, as we said at the outset, even short space walks or EVAs will subject 
humans to conditions that produce the effects discussed above. It is therefore imperative to keep 
EVAs to a minimum, which is another reason we rely on sophisticated sensor systems, shielding 
and self healing hull technologies to maintain the hulls in optimal condition; and why we will rely 
on advanced robotics to conduct inspections and make repairs to the exterior of the ark whenever 
possible. 


Basic Human Requirements. 


Light. Without a light source, not only are humans blind, production of food is impossible. 
Obviously sunlight is the best source for a number of reasons. Humans and other terrestrial 
biological systems found in the photosphere are adapted to the light spectrum provided by our 
sun. Photosynthesis, the basic engine of primary producers, must have light to work. D.R. Geiger 
pointed out in a 1994 Workshop presentation?! that four aspects of light, irradiance, quality, 
timing, and duration, are required for photosynthesis to properly proceed. Plants are adapted best 
to use natural sunlight, however artificial light sources can be equally effective in most cases. 


Similarly, humans depend on natural sunlight for a number of life supporting functions. Lack of a 
balanced light rhythm can severely impact our circadian rhythm, disrupting sleep cycles, which 
may lead to such ill effects as obesity, cardiovascular disease, impaired cognitive abilities and 
depression (the latter is particularly prevalent in light deprivation situations as exist in far 
northern and southern latitudes). Carla S. MGller-Levet, et al (2013)'”, reported findings that 
further tie sleep deprivation to alterations in biological processes including chromatin 
modification, gene-expression regulation, macromolecular metabolism, and inflammatory, 
immune and stress responses. In a study published in 2009, Shia Kent, et al, found a direct 
correlation between light deprivation and cognitive function, with results showing a loss in 
cognitive abilities in reduced sunlight conditions. It seems logical that properly regulating lighting 
conditions and rhythms is an essential requirement for optimal functioning of biological systems 
in artificial environments as well. 


Natural visible light is is defined as wavelengths between about 380 and 700 nanometers in the 
Electromagnetic spectrum (EM) of solar radiation. The EM itself ranges from 0.0001 nm to more 
than 100 m, making visible light an extremely narrow band within the spectrum. (refer to Figure 
178 in Chapter 28). LEDs have traditional come close to but not exactly the same as ambient 
solar radiation in that it failed to compensate for the Rayleigh scattering effect until recently. In a 
process perfected by Professor Paolo Di Trapani of Italy's University of Insubria, that coats 
LEDs with a thin layer of nano-particles of varying sizes allows almost perfect mimicking of 
natural sunlight!” 


Visible light is significant in aiding human beings to distinguish objects in their environment. The 
structure of the human eye is adapted to seeing the range of colors in the visible spectrum. This is 
due to receptors in the eye (rods and cones) triggering chemical reactions that are interpreted in 
the brain when struck by different wavelengths of light. Visual acuity and color perception are 
essential to flight operations. 


Water. Basic water requirements for humans on earth vary by climatic conditions in which they 
are found. For the purposes of discussion, we will assume optimally controlled environmental 
conditions for human existence.. Also note that the terms “subsistence” and “basic” as used herein 
differ significantly. The term “subsistence” is used in the context of what is required for a person 
engaged in normal daily activities, while *basic' denotes the requirements for functional survival 
(the ability of the human body to survive and perform the most fundamental survival functions). 
Our discussion will focus on the subsistence, rather than basic requirements, although the latter 
needs to be considered for emergency situations that may arise. 


Average water intake requirements currently range from 1.8 to 5 liters with a generally 
recognized average daily requirement of 2.5 liters per person per day (l/p/d where d=24 hours). 
Other human requirements include waste disposal/sanitation, bathing and other hygiene uses, and 
food preparation. According to the UN World Water Assessment Programme, these require 50 
liters/person/day for subsistence. Generally this is interpreted as 5 I/p/d for drinking, 20 l/p/d for 
sanitation, 15 l/p/d for personal hygiene (bathing, etc.), and 10 l/p/d for cooking and kitchen use. 
Clearly, this does not account for agricultural water requirements which vary by species, but it is 
generally accepted that the energy production to water consumption ratio is greater for primary 
producers (plants) than it is for primary consumers (animals). Basically this means the water 
requirement per kilocalorie (kcal) production is less for plants than it is for animals. For the 
interested reader, the UN's Food and Agriculture Organization Natural Resources and 
Environment Department offers some general requirements for specific crops, as well as methods 


of calculating water requirements, at http://www.fao.org/docrep/U3160E/u3160e04.htm. 


Fifty l/p/d is equivalent to 18,250 liters per person per annum (l/p/a). A liter of water weighs 
1.000028 kg, or 18,255.11 kg (or roughly 40,245.6 pounds) of water per person per annum. Add 
to that crop requirements and the addition to inertial mass of any spacecraft over its construction 
mass grows enormously. 


Nutrition. Nutritional requirements for humans are, in part, governed by individuality and level 
of activity. Variances in age and the rates of metabolism, height, weight, and physical job 


requirements all figure into the individual's nutritional requirements. That being said, it is easier 
to calculate an average per person requirement and then provide a buffer for variability when 
determining the balance of food stores and production in an isolated environment as would be 
found on any vessel, terrestrial or otherwise. 


The average American adult consumes approximately 3,700 calories (note: calorie and 
kilocalorie have the same meaning in nutrition calculations) per day. Based on several sources, 
this is above the requirements for an average sized, physically active, 17-19 year old male’, 
however, it is a useful example when calculating nutritional requirements for an individual in a 
highly active and stressful environment such as one would encounter in a spacecraft traveling long 
distances over long time periods. In addition, using this figure creates a food surplus buffer when 
considering a diverse group of individuals that include differing age groups, sex, and job 
assignments. Depending on the dietary mix of foods, 3,700 calories equates to between 3 and 5 
pounds (1.360777 and 2.267962 kg) of food intake per day per person (Earth reference frame). 
That puts the per annum requirement (using an average of 4.25 pounds or 1.927768kg) at 1551.25 
pounds or 703.6352 kg for each person on a spacecraft. For a craft carrying a 14,000 individuals, 
that equals about 21,717,500 pounds (9,850,960 kg) that must be either stored aboard or 
produced enroute per year. Note that these figures do not account for wastage which can average 
as high as ten percent. 


It is worth noting that NASA takes a somewhat more conservative approach to nutritional 
requirements in their Advanced Life Support Document (2003), setting the requirements formulae 
as follows. 


€€ 


men: 
(18-30 yrs): 1.7 (15.3W+679) = kcal/day required 
(30-60 yrs): 1.7 (11.6W+879) = kcal/day required 
women: 

(18-30 yrs): 1.6 (14.7W+496) = kcal/day required 
(30-60 yrs): 1.6 ( 8.7W+829) = kcal/day required 
Where W = mass in kg." 


This is likely due to consideration of operations in microgravity where resistance to movement is 
low, thus requiring less energy and therefore less caloric intake. 


Applying the calculation for men 18-30 averaging W=70 kg: 15.3*70 = 1071 +679 = 1750, 
therefore 1.7 (1750) = 2795 kcal/day. While this figure is almost 1,000 kcal below the figures 
used above, it does not account for a buffer or wastage. For spacecraft traveling great distances at 
great velocities, we believe that accounting for both wastage and buffer supplies is critically 
important to long term survival. 


Atmosphere and Climate. Humans are restricted to a fairly narrow range of atmospheric and 
climatic requirements unless aided by adaptive clothing and mechanical atmospheric aids. In 
general, According to NASA, the human comfort zone for temperature ranges between 40? and 
95? F (4? and 35? C), although withstanding temperatures below the lower and above the upper 


limit are quite possible. At 140? F, particularly in the presence of humidity hyperthermia sets in, 
usually resulting in death within a few minutes. Although the lower temperature limit is somewhat 
less well defined, when the core body temperature reaches 70? the human body is in extreme 
danger of ceasing to function. Although some cases of induced hibernation have been recorded at 
the lower extremes, it is unclear if this is a factor of temperature alone or possibly a combination 
of temperature and ambient atmospheric composition. 


The optimal range of atmospheric oxygen for humans is between 18.596 and 2196, with the normal 
atmospheric oxygen content at sea level being close to the latter figure (NIOSH places 
atmospheric oxygen at 20.9596 at sea level). That is not to say that humans can't acclimate to 
lower levels, but even then there are limits. At concentrations below 1896 the initial stages of 
hypoxia set in non-acclimated individuals (e.g, altitude sickness), with symptoms getting 
progressively worse from light headedness, to impaired cognitive and motor abilities, to 
unconsciousness, and ultimately death at around 1196 oxygen. Similarly, the human body exhibits 
varying responses to other gases in the atmosphere. Humans seem to adapt quite well to mild 
hyperoxic (high oxygen) conditions, while extreme hyperoxia will produce pulmonary damage. 


Plants and animals, including humans, are also dependent upon the atmosphere, climatic cycles 
and changing incidences of light to flourish and trigger growth and dormancy cycles in most 
regions of our planet. While vegetation and animal life at or near Earth's equator at low altitudes 
may do well with limited changes, they are dependent on cyclical rainy seasons, simulations of 
which may or may not be workable in a spacecraft. It seems clear that a robust microenvironment 
mimicking optimal conditions for sustaining life on Earth will be necessary for any completely 
biotic-based regenerative system to be successfully employed. Atmospheric conditions for the 
biota will be focused on a Tropospheric model. Figures 194 and 195 provide graphics for the 
structure and composition of Earth's atmosphere. 


The Layers of the Atmosphere 


CG Figure 6 


Figure 194. Structure of Earth’s Atmosphere. Credit NOAA - Public Domain Image 


Composition of Earth's Air 
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Figure 195. Gaseous Composition of Earth's Atmosphere 


While it is impossible to mimic the atmospheric structure of Earth in a space ark, it is entirely 
possible to duplicate and maintain a similar, if not exact atmospheric gaseous composition. Doing 
so will add to the comfort level of the population on the ark. Climate controls will obviously be 
active and mechanical rather than passive and natural. They will operate in much the same fashion 
as climate controls in any large complex on Earth, and will be individually adjustable in private 
quarters to a limited extent. 


There remain other critical factors to crew health and survival on extreme duration and distance 
travel. Among these are radiation, lifespan, reproductivity, physical health, and psychological 
health. 


Radiation, especially high energy ionizing radiation (gamma rays, X-rays, alpha particles, beta 
particles, etc.) and the CMBR, presents the highest risk to cosmic travelers. While ionizing 
radiation poses the risk of radiation burns, mutagenic effects (via DNA lesions), teratogenic 
effects, oncogenic (aka carcinogenic) and cell destruction. CMBR (microwave radiation) 
encountered by a high speed craft will cause excessive heating. Spacecraft shielding methods 
have been proposed in earlier volumes of this series and touched on in this book. Individual 
astronaut protective measures include suits (for both on-board emergency and EVA suits) that 
incorporate radiation blocking fabrics. Special fabrics such as Demron®, a product manufactured 
by Radiation Shielding Technologies!'95, offer a potential individual solution to radiation 
protection that are light weight and at least partially effective for radiation that will be 
encountered in space travel. 


Lifespan may well be on the way to extension by virtue of the discovery of the so-called “aging 
gene", LET-418/Mi2""", a gene shared across many species, including humans. Researchers found 
that when LET-418/Mi2 expression is inhibited in various species (Caenorhabditis elegans - 
threadworms, Drosophila spp. - flies, and Arabidopsis - a small European flowering plant) 
longevity is enhanced and stress response is reduced. In addition to possible gene manipulation, 
research on producing nano-scale repair and delivery of pharmacological and enhancing agents 
(e.g., respirocytes'™) offer significant opportunities to not only extend life, but to enhance it as 
well. Dendrimers'?, nano-micelling materials, and nanoelectromechanical systems offer the 
potential for targeted delivery of drugs to specific cells. Nanobots may offer methods for non- 
invasive medical procedures in the near future as well. Availability of such methods to extend life 
and deal with medical issues will be extremely important to missions conducted into deep space. 


Reproduction outside of our protective Earth environment is going to be necessary if we have 
any hope to explore the cosmos or colonize distant habitable planets. From experiments already 
done in weightless environments we know that reproduction processes do not function well under 
those conditions. For that reason alone, we will have to generate gravity identical or nearly 
identical onboard the spacecraft or find alternative methods of reproduction and fetal 
development. Even a mission using crew biostasis will need some method of reproduction at 
some point just to ensure the long term survival of the species, whether that is during active 
periods during the mission or upon arrival at a destination suitable for colonization. Cryogenic 
storage of reproductive materials (sperm and ova or possibly just DNA) and in vitro fertilization 
and implantation is a possible alternative that should be considered as an alternative, especially 
in the case of potential damage to the human reproductive system in transit (see Chapter 29). 
Using in vitro fertilization along with artificial wombs (currently being developed) or creating 
humans from basic DNA using advanced bioengineering techniques yet to be developed may hold 
the answer to colonizing the cosmos if under manned or unmanned missions are undertaken. 
Reproduction of the species in unmanned missions using these methods would necessarily require 
sophisticated robotics with a highly developed cybernetic capability. 


In the event either of the latter methods are applied, it would be essential to have processes and 
facilities in place to raise, nurture, and educate, the children borne of this process to ensure they 
grow into well educated, well adjusted, and healthy adults prepared to sustain the human species. 
That is a very tall order indeed, but not an impossible one that we will discussed earlier in this 
book and further in the subsection on Alternatives to Human Crews in Chapter 36 of Cosmic 
Horizons. 


Physical health of human crew and passengers aboard a space ark will be of critical importance 
to mission success. That means virtually any contingency will have to be planned for prior to 
embarking on deep space travel. Initially, all members will have to be screened for optimal health 
characteristics. In our initial forays into deep space exploration this means that they will have to 
be as close to genetically perfect as possible, free of congenital defects and with naturally strong 
immune systems, excellent bone density, and possess high intelligence. Crew and passengers also 
need to be selected for metabolism rates that are within a normal range, neither too high nor too 
low. It is possible that in the near future we may be able to enhance individuals using genetic 
engineering and/or nanotechnology. Of course this raises significant philosophical and moral 
questions as with eugenics, a movement begun in the 1930s to select for genetically superior 
humans, however genetically and technologically enhanced humans may help ensure the survival 
of the species sent to explore and colonize the cosmos. 


Emerging technologies like biosynthesis, nanotechnology, and nanomedicine are experiencing 
explosive advances that have fascinating implications for a space faring civilization. In the field 
of biosynthesis, for example, scientists have isolated two genes responsible for producing spider 
silks in the Golden Orb spider and inserted them into the genetic code for milk production in 
goats. In so doing, they have bioengineered an animal that produces milk containing large 
quantities of recombinant silk protein that can be extracted and refined efficiently using 
chromatographic techniques and then spun into microfibers. Trademarked as “BioSteel” by Nexia 
Biotechnologies!”°, the silk is reputed to be 7-10 times as strong as steel of the same weight, more 
than 4 times as strong as Kevlar®, can stretch up to 20 times its normal length without losing any 
tensile strength, and withstands temperatures ranging from -20? - 330? C. Subsequent research on 
improving this technology, funded in part by grant from the U.S. Navy and the National Science 
Foundation, has been pursued by Dr. Randall Lewis!" at Utah State University. Dr. Lewis 
pioneered the genetic modification of silkworms enabling them to produce dragline silk, although 
it is not quite as strong as the pure spider silk since it is a hybridization of spider and silkworm 
silk. More recently, a Dutch researcher, Jalila Essaidi, grew human skin on a woven fabric of 
spider silk produced from the goats to demonstrate its strength and resilience. Her ultimate goal is 
to bioengineer spider silk to replace the keratin in human skin, making it extremely strong. 


Similarly, carbon nanotubes (CNT) are being researched for possible use in reinforcing tissue 
such as bone or as structural scaffolds for growing osteoblasts for new bone tissue ''* Referred to 
as a nano-bio-composite or simply as a biocomposite, the technology could well have application 
for space travel and may be especially useful in zero gravity environments where bone loss is a 
significant problem for astronauts on extended missions in weightless conditions. Carbon 
nanotubes are also being explored for use as structural scaffolding for growing other tissues. In 


terms of space travel, this could help reinforce vulnerable organs, making them more resistant to 
damage from external forces. In addition, because of their piezoelectric characteristics, carbon 
nanotubes can serve as internal biosensors, making accurate monitoring of very specific sites 
within the body possible. 


Stem cell technology has also seen significant advances, especially in the growth of organs. This 
is significant in that organs and tissues grown from an individual's own stem cells are not subject 
to transplant rejection, and therefore there is no need for anti-rejection drugs, obviating the side 
effects associated with them. This would be particularly important in rapid healing of the body in 
the event of an astronaut suffering tissue or organ damage. It would also reduce the need to store 
anti-rejection drugs which, like all drugs, have a shelf-life, not to mention actual storage space 
could be allocated to other medical supplies. 


Although bioengineering genetically perfected and technologically augmented super-humans is on 
the near horizon, we will likely be unable to anticipate every potential health risk we may 
encounter on interstellar journeys. Thus, spacecraft embarked on long-term, deep space missions 
will require a fully operational medical facility with laboratory, diagnostic, treatment, and 
operating room capabilities, as well as a qualified medical doctor and technical assistants. 
Equally important to human health are nutritional requirements, hydration requirements, hygiene, 
and exercise, which were discussed in our previous book, The Cosmic Wanderer. Equipment and 
facilities supporting these aspects of physical well being have been addressed earlier in this 
book. 


One nutritional game changer that bears mention here is the advance in 3-D printing that is already 
making prototypes of food replicators possible. NASA has recently provided funding under its 
SBIR program to Systems and Materials Research Consultancy of Austin, Texas to develop such a 
system. In their proposal Technical Abstract, SMRC states: 


"Using progressive 3D printing and inkjet technologies, SMRC will design, build, and test a 
complete nutritional system for long duration missions beyond low earth orbit. The 3D 
printing component will deliver macronutrients (starch, protein, and fat), structure, and texture 
while the ink jet will deliver micronutrients, flavor, and smell. SMRC will team with the food 
science program at North Carolina State University and International Flavors and Fragrances 
to ensure the production of nutritious and flavorful mission supplies. SMRC proposes 
producing synthetic food which meets the nutritional needs of each and every mission 
specialist and astronaut. Using unflavored macronutrients, such as protein, starch and fat, the 
sustenance portion of the diet can be rapidly produced in a variety of shapes and textures 
directly from the 3D printer (already warm). Since basic sustenance will not ensure the long 
term physical and mental health of the crew, this is where the microjetting will add value. In 
addition to adding flavor, low volume micronutrients will be added as the food is processed by 
the 3D printer. The macronutrient feed stocks will be stored in dry sterile containers and fed 
directly to the printer. At the print head, these stocks will be combined with water or oil per a 
digital recipe to minimize waste and spoilage. Flavors and texture modifiers can also be added 
at this stage. This mixture is blended and extruded into the desired shape. The micronutrients 
and flavors are stored in sterile packs as liquids, aqueous solutions or dispersions. SMRC's 


approach not only addresses uniform long term storage, sustenance, and micro-nutrition, but 
also variable and changing dietary needs, variety, and boredom. "!? 


The raw materials in powder form are said to be storable for 30 years without deterioration. For 
extended exploratory missions of smaller craft launched from the space ark, this provides a 
significant improvement in space, weight, and labor savings over agricultural chambers, and may 
well provide individual quarters with the capability to create meals in a simpler fashion. 


Psychological health is yet another highly critical factor on extended missions. It is especially 
important with regard to small or relatively small crew long-duration and distance travel where 
isolation from the comforts and companionship of Earth will exist. Here, crew discipline (code of 
conduct, duty rotation, and clear chain of command), diversion activities, educational facilities 
are key factors to maintaining the mental health and balance of the cosmic spacefarers. Adherence 
to discipline and the chain of command is one reason astronauts have been traditionally chosen 
from the ranks of the military and the scientific community, and it is the reason the men and 
women in the program go through extensive additional training. Still, by its own admission, 
NASA has did not give psychological factors anywhere near the same consideration as they gave 
physiological factors from the initiation of the space program through at least the late 1990s''^. It 
is likely that the Russian and European space programs did not give sufficient weight to 
psychological stress factors in the early development of their programs. 


Table 11 summarizes some of the commonly accepted psychological stressors’, their impacts 


and possible abatements that are likely in the future on cosmic level spacecraft. For purposes of 
this subsection, we assume all spacecraft are capable of generating artificial gravity and that 
microgravity exists in only isolated areas where it is useful. We will explore the critical 
consequences of psychological stress that could lead to mission failure and examine methods to 
prevent those consequences. Some of the stresses can be alleviated using current technologies 
while others will depend on the development of future technologies. Regardless, methods must be 
chosen or developed to ensure the compatibility and comfort of the crew to ensure not only crew 
survival, but mission success as well. 


Psychological | Impact(s) Possible Abatement(s) 
Stressor(s) 


Isolation Fatigue, loss of motivation, tension Biostasis or rotating crew torpor during transit, rigorous 
routines, in-flight cross-training, diversionary activities, 
photon or quantum entanglement communications with 
Earth/other vessels. 


Hostile external | Heightened tension due to uncertainty of survival or rescue See above. 
environments 
High Risk Heightened tension or excitement Biostasis or rotating crew torpor during transit, training 


Sensory Anxiety, restlessness, impaired cognition, irritability, panic, Biostasis or rotating crew torpor during transit, large crew 
Deprivation loss of appetite, sleep disturbance, psychosomatic manifesta- | and ship size, onboard scenery screens, crew oriented 
tions, hallucination, paranoia, disorienta-tion (physical activities, diversions, biospheres/artificial environ-ments, 
manifestations under micro-gravity conditions), time “near-Earth” conditions onboard. 
distortion. 


Routine/Pacing | Boredom, loss of motivation, errors in execution Biostasis or rotating crew torpor during transit, task 


rotation, in-flight cross training, schedule variation, balance 
of work/R&R schedule. 


Crew Factors Sexual tension, dominance issues (real or perceived), dietary Biostasis or rotating crew torpor during transit, training, 
(gender, size, issues, cultural or philosophical conflicts, onboard empathetic counselor, clear chain of command and 
ethnicity, code of conduct enforcement 

personality, 

etc.) 


Interpersonal | Dominance issues, personality conflicts, clique formation in See above. 
Dynamics larger crews, challenges to authority, crew conflict, potential 
for mutiny 


Loss of personal support structure, homesickness, depression, | Biostasis or rotating crew torpor during transit, rigorous 

irritability, anger routines, diversionary activities, photon or quantum 
entangle-ment communications with Earth/other vessels, 
maintenance of family units on large and slower colony 
vessels. 


Sleep Irritability, lethargy, impairment of judgment and thought Biostasis or rotating crew torpor during transit, artificial 
Disturbance process, depression, anxiety, day/night cycles, artificial gravity, biosphere/artificial 
environments, “near-Earth” conditions onboard. 


Table 11: Psychological Stressors, Impacts, and Possible Abatements 


The factors in Table 11 can be addressed individually, however it is important to understand that 
none of them exists in isolation. These are interconnected in personal and crew dynamics and one 
or more of them may compound the effect of another, resulting in a larger net effect than if 
considered separately. Therefore, the reader will notice that many of the proposed abatements to 
ameliorate individual psychological effects are shared among several and, in some cases, across 
the board. Although we have not considered confinement as a factor in our table, for reasons that 
will be elucidated later, it was and is a factor in current extended missions. Close proximity of 
astronauts, restricted movement, and generally claustrophobic conditions are contributing factors 
that tend to exacerbate the other factors in the table in current space flight. Claustrophobia in a 
space ark should be a minor factor, although simply knowing that one is confined to a closed 
system is often enough to induce claustrophobic responses in some individuals. 


Isolation from a familiar environment, both physical and human, has been shown to manifest in 
physical and mental performance, as well as the psyche. Physical manifestations of fatigue, 
reduction of self-motivation, and impaired task performance have been recognized since the early 
extended missions of the space program. Heightened tension was, perhaps, the most recognized 
psychological manifestation during this period. Fatigue and loss of motivation have serious 
implication in task performance and the opportunity for error. In early and current missions, key 
steps to alleviating these effects included psychiatric screening, intense training in simulated 
environments, and close ground to spacecraft communications. Physical and mental discipline 
were, and to a large degree still are important factors in choosing astronauts, which is the 
fundamental reason military or former military personnel and scientists with a track record of 
mental stability and the ability to make good decisions under pressure form the core of current 
space teams. Certainly the effects of isolation do not manifest in the initial stages of a mission, 
their presentation does not occur without an extended time corollary. In her paper on an extended 


mission to Mars, Dr. Leslie Wickman, notes that *Some behavioral research suggests that remote 
mission adaptation progresses through several distinct sequential phases..." with a range of phase 
times.!!? Essentially, those phases break down as follows: 


e Initial excitement and high motivation, coupled with high productivity; 


e Loss of initiative, productivity, error-prone performance, and possible psychosomatic 
illnesses; 


e Apathy, further declining productivity and performance, withdrawal, and depression; and 


e Renewed excitement, motivation and improved productivity as the mission objective is 
neared. 


Extended missions on a cosmic scale would not be successful if the two middle conditions were 
allowed to persist for the long period between mission initiation and destination or objective. 
Therefore, it is imperative that methods to avoid or mitigate these be in place before such a 
mission can be undertaken, since each of the middle phases could well last years rather than 
months, resulting in severe psychological debilitation of the crew, especially if the crew is of 
limited numbers. This is probably the chief reason biostasis, torpor, or engineered biospheres are 
considered essential for interstellar small crew missions, the former two for purely exploratory, 
military, or resupply mission purposes, and the latter for colonization or escape from a 
cataclysmic event on earth. One would anticipate, at least in the early stages, exploration ships 
would be focused on essentials rather than amenities. This would obviate elaborate construction 
of biospheres and instead emphasize production of foodstuffs in bio-chambers. Space arks will 
almost certainly move at much lower accelerations, making biospheres a viable and preferred 
option for dealing with the psychological effects of extended missions by providing an Earth-like 
environment in which the passengers and crew can relax and recreate. 


In either case, there will be a need for a clear chain of command and a structured code of 
conduct!", as well as meaningful activities for the crew and passengers during their active 
periods. Cross training for operational crew, research projects for scientific staff, crew rotation, 
and schedules all contribute to a functional team. Recreational activities, physical exercise, and 
leisure time diversions all figure into maintaining a healthy body and mind. Advanced 
communications using light or quantum entanglement for high speed or instantaneous contact 
between Earth, space bases, or other vessels will be important to alleviating the sense of 
isolation interstellar travelers may feel. 


A hostile external environment, high risk factors of extended space missions, and sensory 
deprivation all contribute to an astronaut's sense of isolation and, therefore, we consider these 
collateral or corollary contributors to the isolation factor. While a hostile external environment 
and high risk can contribute to crew anxiety, they are just as likely to trigger excitement, 
especially for adventurous types who thrive on the adrenalin rush, although over time that 
excitement, in all probability, would wane and give way to a form of indifference. Sensory 
deprivation, on the other hand, is a manifestation of isolation that can have a significant and 
varied individual impact, which, in turn, impinges on the group dynamics of the entire crew. A 
study published in the Proceedings of the Royal Medical Society in December, 1962 discusses 


effects of sensory deprivation based on experiments carried out on volunteer college students! !?, 


much of which may be extrapolated to extended space travel scenarios. 


In addition to the lesser impacts of elevated anxiety, restlessness, appetite loss, and sleep 
disturbance, extended sensory deprivation may lead to more serious conditions that manifest in 
hallucination and paranoia, which are dangerous in any setting, but more so on a vessel of any 
type. Hallucination and paranoia, even in a mild form and even if it affects only one crew 
member, can be disastrous onboard a spacecraft. In their mild forms, these can lead to dangerous 
disharmony in the crew, perhaps even mutinous behavior. In their more extreme forms, the threat 
of physical violence, even murder become very real threats. Add to that symptoms of sleep 
deprivation such as impaired judgment, depression, and irritability, and one can understand how 
complicated the risks to crew harmony and functionality can be. Scientists contemplating deep 
space travel are focusing on developing methods to select “ideal” candidates for long-term 
missions, which means selecting for optimal physical characteristics and mental stability. 
Individual variability, however, will almost guarantee that not all candidates will possess the 
same level of stability and, given that most of the selectees likely will be type A personalities, 
loss of perspective coupled with competitiveness in such an environment still holds the potential 
for serious internal conflict that can be destructive. Even if crew members are maintained in 
states of biostasis or torpor for much of the journey, conditions for isolation and sensory 
deprivation will exist once the crew is activated. Therefore, it is imperative that such 
contingencies be planned for and that competent staff trained to deal with these eventualities be 
part of any crew exploring the cosmos. 


A potentially explosive issue in long-term space missions revolves around the inevitability of 
romantic or simply sexual liaisons among the population. Sexual liaisons in any situation can and 
do lead to interpersonal tensions such as jealousy, disapproval, and anger (especially in a break- 
up, which is almost inevitable on long duration missions). Anyone who doubts that such liaisons 
and emotions occur among a professional corps of astronauts need only examine the 2007 news 
accounts of astronaut Lisa Nowak who traveled from Houston, TX to Orlando, FL to assault 
Colleen Shipman, an Air Force officer who had engaged in a three month affair with Nowak's 
former lover, astronaut William Oefelein. People are people no matter in what occupation they 
are engaged, and as humans we all share basic drives, one of the most powerful being the sexual 
urge. Indeed it is manifest across most of the animal kingdom and it is an urge that ensures 
survival of the species. Methods to minimize potential interpersonal conflict resulting from that 
urge will have to be addressed sooner rather than later. 


In addition to sexual tension, there are other gender related tensions possible. These stem from 
basic biological and psychological differences between the sexes. They relate to biofunctional 
roles of the female and male driven, at least in part, by hormonal differences, which in turn drive 
emotional differences that can create complex interpersonal relationships and conflicts in 
decision-making processes. While training and conditioning can help overcome some of these, 
many will persist, especially on large craft such as space arks. 


Similarly, ethnic and cultural backgrounds can create interpersonal conflicts. Unless humankind 
can achieve cultural and ethnic homogeneity prior to launching long-term deep space missions, 


which seems unlikely, the differences in belief systems, diet and so forth present potential areas 
of tension that will have to be overcome or accommodated. This is another area where careful 
choice of crew candidates, training, and indoctrination become important preparatory steps to the 
actual mission. 


Leaving family and friends behind, as will be the case with extended and distant exploratory 
missions, means a loss of extended familial support structures. In essence, that means that the 
crew will have to become an ersatz family, providing one another with the foundation and 
emotional comfort that would normally be fulfilled by each individual's Earth-bound 
relationships. Even so, homesickness will undoubtedly affect some, if not all of the crew, even if 
itis a temporary manifestation. Development and perfection of hyperspeed communications, such 
as photon or quantum entanglement systems, will be essential to maintaining contact with Earth or 
other space-based habitats and vessels. 


Vessels with large crews and those with passengers, such as space arks, will avoid or be able to 
better cope with many of the enumerated psychological issues simply because the social structure 
will more more closely resemble normalcy and the artificial environments will have many 
familiar amenities. However, even though the population aboard these ships may be governed in a 
fashion similar to what they experienced on Earth, people will still have to adapt to the fact that 
they are isolated from the protective environment of their home planet and some difficulties in that 
adjustment undoubtedly will arise. On such ships, however, access to professional services to 
assist people in coping with those adjustments will be much greater. This still does not obviate 
the necessity for a structured approach to command and control. Perhaps the best approach for 
early such vessels is the system employed on naval vessels. Command and control and societal 
governance will be covered in the next chapter. 


Chapter 34: Command and Control and Societal Governance 
Aboard a Space Ark 


Command and control and governing the population aboard a space ark is necessary to 
ensure continuity of operations, deal with social issues, and provide a system of rules and 
regulations to prevent criminal activity and curtail social unrest, all of which can be 
detrimental, if not catastrophic to a successful mission. Herein we explore the challenges 
presented to the closed community aboard a space ark and systems of governance to meet 
those challenges. 


Societal Challenges Aboard a Space Ark 


We assume that resources and economic competition will be absent at the outset of a space ark 
mission, however it is difficult to preclude these from arising during any long journey. Man is by 
nature a competitive being. In American society, striving for better conditions for oneself and 
one's family is a fundamental trait. Competition is what drives innovation and invention. Pursuit 
of knowledge for knowledge sake is, in our considered opinion, pretty much a myth. In any 
successful civilization, knowledge is used as a base for progress... it isn't static. It is the 
competitive spirit that will drive humans to explore space and populate a space ark. The 
challenge will be to channel that competitive spirit to work for the common good and mission 
success. 


While it may be possible to engender cooperative competition in the initial stages of a deep space 
exploratory mission, there is some question as to whether that can be sustained over time, and 
especially over generations. Given the sense of confinement, even aboard a large vessel such as a 
space ark, do we really know how future generations will react and behave? Will they simply 
accept the situation and adapt to it, or will they rebel and threaten the survival of society aboard 
the ark? That is a question that can only be answered by taking the plunge and launching the 
mission. We can hope that those future generations will embrace or at least adapt to the mission 
through education, discipline, and a sense of community as early pioneers on Earth did, but we 
must anticipate some of the woes experienced by society as a whole and be prepared to deal with 
them. 


There is the question of economics. Part of what drives the competitive spirit in mankind is a 
system of rewards and penalties. Western society has traditionally dealt with this through a 
capitalistic economic system or some modified form of that system. Taking great risk has always 
been accompanied by the opportunity to reap great rewards. Can a space ark mission survive 
without that potential? Can a generation ship survive without an interim system of rewards for 
hard work, advancement, and innovation? It seems unlikely, even though we might hope for a 
more altruistic view for a functioning society. And if we reward those who work harder, are more 
inventive, and more ambitious, do we run the risk of alienating those who are less so and could 
that lead to problems so familiar in current societies? This is an issue that will have to be 
decided and resolved prior to any mission. 


There will be criminal activity, including theft, assault, and even murder. There seems to be no 
way around that, even in the best of communities. Undoubtedly there will be psychoses. We seem 
to be unable to prevent them from developing, regardless of whether they result from genetics or 
stresses. That is simply a function of random variability and there is no possible way at this time 
to screen more than the most obvious potential candidates for this in choosing the populations for 
a space ark. Jealousies will arise and how they are dealt with will determine whether they 
become a serious or minor problem. Eventually, the excitement of embarking on a voyage into the 
unknown will give way to boredom and that can be deadly to a mission. Any space faring society 
will have to come to grips with these issues. 


Maintaining a population that does not exceed the ability to provide necessary resources will be 
critical to the success of a vessel that may take generations to achieve its final goal of reaching 
and colonizing habitable planets in the galaxy or cosmos. Exponential population growth that we 
are experiencing on Earth cannot be allowed on a spacecraft. A strict replacement quota, very 
possibly with permission to reproduce required, will have to be emplaced. 


The question of how death and the dead will be dealt with is a question that deserves careful 
consideration. For example, in a closed system where death represents a potential loss of 
material resources in the overall balance, do we recycle the remains or do we cremate them and 
eject their remains into space? Most will find the former repugnant and unacceptable in a 
civilized society. It is possible even to argue that new births will compensate for any loss or 
resource caused by a death, making the latter option more acceptable both philosophically and 
ecologically. 


This leads to yet another issue, and that is the issue of religion. When one looks at the cosmos, it 
is almost impossible to not believe in a force greater than ourselves. It is almost certain that 
people will bring with them personal religious beliefs, but multiple sources of organized religion 
could well lead to internal conflicts that would be disastrous in the long run. If organized religion 
is to be practiced aboard a space ark, the logical option would be for some form of non- 
denominational religion that embraces the positive aspects of all religions. 


In part, access to recreational activities, meaningful work, personal hobbies, continuing 
education, various support groups, professional psychological help, and community events will 
help avoid many of these problems, but it will take a strong sense of commitment, a set of 
inviolable rules, excellent enforcement, and judicious courts to ensure continued harmony over 
time, just as it does in Earthbound society. 


Approaches to Command and Control on Deep Space Missions 


Approaches to command and control (C2) on deep space missions will depend somewhat on the 
type and purpose of the mission. For example, C2 on exploratory missions with limited crew will 
be far different than that on slower colony or generation ships. A military type C2 is probably 
best suited for small crews exploring unknown reaches of space, and even then there are two 
aspects to C2, one strategic and one tactical. C2 is predicated on a system that is at the same time 
hierarchical and cooperative. In the case of exploratory missions, strategic goals are defined as 
the overarching objectives of the mission that will likely be controlled at a central base on Earth 


or in Space. Tactical control, on the other hand, is that exercised on a day to day basis (or during 
active periods if some form of biostasis is employed) aboard the vessel to ensure the tasks 
necessary to meet the strategic goals are accomplished completely and on schedule and to deal 
with any contingencies that may arise. Tactical control will fall to ship's commander and orders 
will be executed with assistance from subordinates. Lawrence G. Shattuck and David D. Woods 
provide a succinct description of the system in the abstract of their paper Communication Of 
Intent In Military Command and Control Systems." 


"Military command and control (C2) is a type of distributed supervisory control system. These 
systems are characterized by remote supervisors who work through multiple local actors to 
control a dynamic process. The agents can be separated by both space and time but still must 
coordinate their activities to achieve the goals of the system. Coordination normally occurs 
through the use of predetermined plans and procedures. However, these plans and procedures 
can be underspecified and brittle when a local actor is confronted with an unanticipated 
situation. In these instances, the local actor must adapt the plan in a manner consistent with 
the intent of the remote supervisor. Remote supervisors guide the adaptation by imparting their 
presence to local actors prior to controlling the process." 


In the description above, when applied to the concept of small crew exploratory missions 
"remote supervisors" are those tasked with strategic aspects, and the *local actors" with tactical 
adjustments. In all probability the strategic control on early missions will be uploaded to the 
ship's computers to provide strict protocols to be followed by the crew during active periods. 
Feedback will likely be provided by recording of the execution of the protocols, which will 
either be transmitted back to a base or stored for later analysis if distance communication is 
delayed or lost. For the system to work properly, crew will have to be both specialized and cross 
trained and able to assume duties of another in case of incapacitation. This is not a foreign 
concept to small tactical teams. In the case of unforeseen contingencies or emergencies, military 
training will play a significant role in the team being able to improvise, adapt, and overcome. 
These principles are instilled in personnel at every military level. 


Unless light speed or quantum entanglement (instantaneous) communications are developed, the 
practice of having a “ground control” calling the shots or being depended on to provide solutions 
to problems that arise with equipment, the crew will be essentially on their own in dealing with 
them, at least to an extent. It almost goes without saying that detailed schematics and repair 
procedures will be provided in hard copy and uploaded in the ship's computers and that 
enhancements, such as heads up displays using either helmet based or other wearable technology, 
will help guide the crew in resolving malfunctions or damaged equipment. It is also likely that we 
will have developed self-repairing mechanisms as an added safety measure by the time we launch 
extended missions such as a space ark. For an added measure of crew security and safety, it might 
be wise to send smaller exploration vehicles launched from the ark in pairs or small fleets. This 
approach would provide the possibility of support and potential rescue in the event of an 
emergency. In these cases a fuller form of C2, such as that exercised in naval fleets would be 
appropriate. 


The command and control system on colony and generation ships may differ somewhat. While the 


operational and flight crew will undoubtedly have to perform under a military-style C2, 
passengers will likely chafe under such a system and form an independent civilian government. 
One might consider this analogous to a cruise ship, where the captain and crew are fully in charge 
of maintaining the vessel and guiding it to its destination, and, in emergencies able to exercise 
control over the passengers to ensure their safety, while the passengers are at liberty to follow 
their own pursuits in ordinary day-to-day life. Because the population will be diverse, some form 
of command structure, be it a military or a governmental structure, will be necessary to maintain 
order just as it is on Earth, but if the form is a governmental one, it is apt to be dependent on the 
source of the population. Regardless of its form, the purpose of government is to provide structure 
for the population to maintain civil order, settle disputes, isolate criminals, and provide for the 
general health and welfare of the community. Without a structured form of governance, the 
potential for factionalism and civil disruption could have disastrous consequences for the 
population onboard and the mission in general. 


The problem with a split form of command and control, i.e. the military C2 system and a civilian 
government, is that it is highly likely that the two will come into conflict at some point in time. 
Clearly, in situations that demand instant response, government by bureaucracy such as that found 
in civil government won't work. Response times are simply too slow to deal with the sorts of 
emergencies that could occur in space.. In a democratic republic form of government (U.S.) or a 
parliamentary form (UK and others) can also be the source of bitter feuds in the political arena. 
Where sheer numbers and inertia may prevent anarchy in these systems here on Earth, it is less 
likely to prevent it on a vessel with a population the size of a small city. 


Those who see opportunity for a utopian society aboard a space ark or colony ship we believe 
are being unrealistic. Even with the most careful screening, society will become somewhat 
stratified which, without strict controls, will lead to a breakdown in governance. Stratification, 
even without any form of a capitalistic system is likely to occur simply because of work 
assignments. In a fully open society that can lead to petty jealousies and resentments. This cannot 
be tolerated on a space craft, no matter what size it is. In an ideal military community all 
positions are considered equally essential. Ideally, the chain of command is based on training, 
experience, and leadership qualities, although this is not always the case. Still, respect for rank in 
such a hierarchical organization remains fundamental to its success. 


Therefore, at least for the initial forays into space aboard such vessels, especially those with 
smaller populations than some authors have proposed, a strict command and control system 
would appear to be the most viable option. A level of regimentation, enforced discipline, and 
sense of commonality and community found in military life will be more likely to lead to a 
successful mission than self governance. That is not to say problems won't arise. They certainly 
do in military organizations, but strict military structures are better equipped to deal swiftly with 
disciplinary issues than civilian structures in such a closed environment. A simplified approach to 
command structure is given below. 


Command structure 


Mission Commander/Commanding Officer 


Flight Crew: Executive Officer 
Pilots (3 for rotating shifts) 
Copilots (3 for rotating shifts) 
Navigators (3 for rotating shifts) 
Communications Officers (3 for rotating shifts) 
Equipment Operators (TBD for rotating shifts) 
Communications Electricians (TBD for rotating shifts) 
Engineering Officer 
Propulsion Subcommand 
Nuclear Power Subcommand 
Maintenance and Repair Subcommand 
Small Craft Flight Commander 
Launch and Recovery Officer 
Exploration, Landing & Mining Craft Crews (TBD) 
Flight line Maintenance 
Departments (sub commands, each with a single department head) 
Agriculture 
Civil Administration 
Justice 
Logistics 


Operations 
Security 


Over time, it may be possible to transition the civilian population sector to a civil type 
government to handle day to day administration of public affairs, giving the general population of 
the ark a greater sense of freedom and control over their daily lives. Such as system, however, 
would be subject to the resumption of the Mission Command structure in times of crisis. 


SECTION SEVEN: CHALLENGES TO 
BUILDING A SPACE ARK 


Chapter 35: Technical Challenges 


Multiple technical challenges to building a space ark exist. The scale of the project is enormous, 
therefore obtaining physical and financial resources will be a daunting task. Working in space, in 
microgravity, and on the moon will present difficulties that must be surmounted. Here we 
enumerate some of the most challenging technical issues and review approaches to their 
resolution. 


Compared to current space structures such as the ISS, a space ark is colossal. While on Earth, we 
routinely build structures on this scale, doing so in space presents unique challenges. Building the 
ark from scratch while in orbit is unrealistic. This is why we have proposed first building a 
manufacturing colony on the moon. Large components can be manufactured from lunar resources, 
then launched into lunar orbit and assembled. Without a doubt we have the technology to get to the 
moon and build production facilities today. The issue is not one of technical know how, but one of 
funding. In our considered opinion, government agencies move entirely too slowly and allocate 
entirely too few funds to accomplish this first phase of the mission. We believe that this task will 
be better served and more likely if done through private concerns (see next chapter). 


The resources required to construct a space ark will be immense and varied. The approach we 
have proposed includes gathering, refining, and manufacturing components from sources such as 
lunar regolith and asteroid resources. The obvious technical challenges involved in this endeavor 
include constructing facilities on the lunar surface that 1) provide protection for the workers; 2) 
provide workable procedures for mining and refining materials; 3) provide facilities for 
manufacturing component parts; and 4) provide a launch facility capable of sending the 
component parts into lunar orbit for assembly by a work crew. Asteroid mining implies 1) 
building vessels capable of pursuing and/or capturing an asteroid, as well as stabilizing it; 2) 
delivering the mining equipment required to the surface of the asteroid; and 3) carrying aboard the 
equipment required to refine the ore or harboring tugs capable of delivering ore to a lunar or 
space-based refining facility. All of these have been explored, designs presented, and, in many 
cases, prototypes tested. In this book, we have shown approaches and current technologies 
necessary to build, staff and operate a lunar base. The Apollo program proved that we can get to 
the moon, and our technology is leaps and bounds ahead of that used to achieve our initial forays 
to the moon. Asteroid mining has also been explored. The ESA has even landed a vehicle on an 
asteroid during its Rosetta mission, proving the efficacy of successfully intercepting one of those 
cosmic bodies. Virtually every advanced country is contemplating and even designing asteroid 
mining proposals, as are private concerns. 


Construction efforts in lunar orbit, although on a scale almost beyond belief, are entirely possible. 
Techniques developed for in space construction of Space Lab, Mir, and the ISS have laid the 
ground work. We propose an adaptive technology of these methods to construct the ark. Multiple 
preassembled components can be sent into orbit, maneuvered and docked using smaller space 
tugs. Once docked, major torus and hull sections can be permanently joined using robotic stir 
welding techniques already developed. The logical procession of construction would have the 


main hull, main propulsion truss, and nuclear propulsion bus assembled first; then the axles for 
the toruses attached, followed by the hub assembly and the access struts; then torus sections and 
support struts; with the final assembly of the propulsion bus tanks, telecommunications equipment 
and interior finish construction to follow. Any one who doubts that this can be done with 
precision need only look at examples of mega projects here on earth such as the English Chunnel, 
Greece's Charilaos Trikoupis Bridge, and China's Lupu Bridge, not to mention all of the mega 
projects in the U.S., Indonesia, and the Middle East. We have the technology. 


The primary work force issue will be recruiting enough skilled workers willing and able to work 
in space and training them adequately before deployment. Much like any work in hostile 
environments, financial incentives in the form of high compensation, bonuses and benefits will 
have to be offered. Training for the space environment will have to be simplified as much as 
possible and opportunities for advancement will have to be in place. In addition, robotics will 
have to be employed as much as possible. Industry is very adept at adapting automation and 
robotics to reduce the workforce required and increase both precision and productivity. We can 
anticipate that these efforts will carry over into their endeavors in space. 


It goes without saying that some form of orbital community with artificial gravity for workers 
proximal to the space ark construction site will also have to be built (see Chapter 18). Since a 
project of this size will take years to complete, workers will have to have a place of refuge from 
microgravity and radiation exposure. In addition, work crews will have to be rotated to maintain 
their health and well being. It is likely that rotations back to earth, much as the military handles 
annual rest and recreation rotations will be employed to keep the crew members happy and 
healthy physically and psychologically. 


Navigation into reaches of unexplored space will present a challenge to any exploratory 
spacecraft, and given that a space ark will travel for generations to reach its destination, 
wherever that may be, the navigator must be able to add reference points and map new objects. 
Current navigational systems use both ground-based references and Star Tracker systems to 
maintain trajectory and attitude and, as can be seen from the system used on Apollo mission is 
highly complicated (Figures 189 and 190). Therefore, new or improved methods of autonomous 
navigation will be needed on a space ark since, at some point, the ark will no longer be able to 
use ground (Earth-based) stations for reference. This is the reason we mentioned Optical 
Navigation Systems as the probable option. ONS enables new objects in space to be used for 
purposes of adjusting trajectory. In addition, it allows for these new objects to be mapped in 
relation to past reference points and stored in the star catalog, which can then be downloaded to 
Earth or relay stations for use on future missions. 
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Figure 196. Functional Diagram of the Apollo Navigation System, Sheet 1. Credit NASA. 


IMIA C) BLOCK Ho] 
APOLLO OFIRA TONS. MAMDINOOK 


SYSTEMS DATA 


eS 3071 09070 
i c 1778 or aan | —— Si =D : x aren E. M Mammen masc | 
|_| ! i Oken O)w* | 
. } a 
pt cele vg 
V e+ 3-9 
.4 A CS ua 
- i mn L-4 
3$ v ? 
=. A - 
— A Loss — 
^T Gr (er (o 
o'y 


Ser 
— — — 28 UP NI 
Cult Lt 


Mortem Basic Date 19 Apri 1999 c 


Figure 197. Functional Diagram of the Apollo Navigation System, Sheet 2. Credit NASA 


One of the latest aids to navigations systems such as the ONS is the onboard atomic clock that 
features a mercury ion trap (Figures 191 and 192), which will aid in very precise measurements 
of the spacecraft's relative position and aid in determining trajectory, pitch and yaw adjustments. 
Figure 103 shows the current architecture for the Deep Space Atomic Clock (DSAC) on orbit 


mission. 


Figure 198. The Onboard Deep Space Atomic Clock (enlarged cut-away view). Credit: NASA JPL120. 
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Figure 199.. Drawing of the DSAC mercury-ion trap showing the traps and the titanium vacuum tube that confine the ions. The 
quadrupole trap is where the hyperfine transition is optically measured and the multipole trap is where the ions are “interrogated” by 
a microwave signal via a waveguide from the quartz oscillator. Credit: NASA JPL121. 
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Figure 200. DSAC on-orbit demonstration mission architecture. Credit: NASA JPL122. 


One of the biggest challenges to building a space ark capable of complex, often autonomous 
operations is the amount of computerization required. In current spacecraft, computing power is 
extremely limited. In fact your average laptop outperforms their onboard computers by a huge 
margin. Hard to believe? Not really when one considers that almost all of the computing is done 


on Earth and uplinked to the spacecraft, and even the ISS. There are two reasons for this. First the 
computer functions on and past spacecraft are very limited. Second, computers with sophisticated 
CPUS eat power and spacecraft have limited sources of power considering most of it is generated 
by solar panels and fuel cells. This will not be the case with the space ark we envision where 
solar and fuel cells provide only supplemental or emergency power. The main power on the ark 
will be supplied by nuclear plants, which are more than adequate adequate to supply a multitude 
of sophisticated computers that are necessary to store information on the arts and sciences for 
educational and research purposes, as well as the star charts and mapping capabilities for 
navigation. The computers and memory for the space ark will have to be the most modern and 
powerful available. Although this may conjure up visions of the HAL 1000, sentient or semi- 
sentient computers are not currently available. Cray supercomputers (Figure 194) are a likely 
candidate for the high speed calculations (e.g., navigation and object avoidance maneuvering 
using object tracking sensors) and distributed computing that will be required aboard a space ark. 
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Figure 201. NASA’s Cray-2 Supercomputer. Credit: NASA 


Various operational systems (e.g., ECLSS, atmospheric gas, temperature, humidity etc.) will be 
monitored and adjusted using Human Machine Interface Supervisory Control and Data 
Acquisition (HMI/SCADA) software systems. Commercial-Off-The-Shelf (COTS) software will 
be sufficient to control most of the space ark systems. This will save programming time and cost. 
Using COTS technology is a common cost cutting method among government and industry. 


The bottom line is simply that no matter how challenging the technological obstacles are, they can 
be overcome, even with today's technology. When one considers the rate of technological 
advancement, even better solutions will be available within the next few years. Technology, as 
we have demonstrated, is not the issue. The real issues, the obstacles to space exploration are 


financial, political, and provincial, which we explore in the next chapter. 


Chapter 36: Obstacles and Conflicting Priorities 


In this chapter we explore financial philosophical and political obstacles to building a space 
ark and conflicting priorities obstructing or interfering with deep space exploration and 
colonization of distant habitable planets. 


Building a space ark is, as we have repeatedly said, an enormous undertaking. Not only will lunar 
and space manufacturing platforms have to be built and manned before the assembly of a space 
ark can begin, the resources to build a vessel of this size and complexity are going to be massive, 
both in terms of quantity and in terms of cost. Cost, however, has rarely stopped huge projects if 
investors can be convinced of the rewards possible. This is true even for government investment, 
although to a much lesser degree because of political pressures for other budgetary needs or 
wants. 


This, of course, means that national space agencies are encumbered by the politics of 
appropriations by the governing entities upon whom they depend. Almost all national space 
agencies contract out much of their enterprise to private industry or jointly fund projects in what 
is known as a *public-private" cooperative effort. While industry has become dependent upon 
national contracts to support research and development, many of them are now pursuing their own 
interests and investments because of funding cuts and constraints imposed on them by the 
government. 


As has been noted in multiple publications, those industries who are the first to exploit space 
resources are going to become the wealthiest of all industries. Private industry understands the 
old axiom that it takes money to make money, and many are currently weighing the risks, 
investigating investment requirements, and estimating profit potentials. The ability for private 
interests to raise money for space opportunities is really no longer a question. One simply has to 
look at investors willing to purchase the opportunity to go to space, even if only briefly, aboard 
commercial craft. Visionaries such as Elon Musk, Richard Branson and others are pioneering the 
effort. They are finding ways to make space travel cheaper, faster, and better... and they are 
unafraid to take great risks. Rather than metaphorically crying, “oh woe” and suspending a 
program when a failure occurs, they rapidly assess what went wrong, correct it, and move 
forward. They hire the best minds available and pay the for their innovation and dedication. That 
drives progress in the world of private industry. People, like us, who have watched the U.S, and 
other governments’ space programs creep forward at a snail's pace after we attained the moon, 
feel betrayed by a government that promised perhaps too much and then failed to deliver. We are 
tired of a risk averse attitude expressed by management of the space agency that once understood 
that risk is part of the exploration package. We are tired of time lines that stretch thirty, fifty and 
one hundred years in projecting goals. It is time... past time for the risk takers to take back the 
initiative. 

Obviously, private industry will seek profits in space. They will recover resources in space that 
are becoming more difficult and costlier to obtain here on Earth because of scarcity, conflicts, or 


political opposition. Then they will sell those raw or refined resources at a profit to fund further 
exploration. But there is an even more compelling issue driving exploration. The population of 
our planet is escalating at an alarming rate. Despite arguments to the contrary, we will eventually 
outrun our capability to provide for everyone, even with new technologies. On top of that, we 
know that catastrophic events of terrestrial and extraterrestrial origin have occurred in the past 
and are likely to occur in the future. The problem is, we don't have a very good handle on when 
those might occur. 


If we hope to sustain our species for future generations, finding new homes is the only answer. 
Ultimately, it is not a political issue, it is a species survival issue. Private industry recognizes that 
there is opportunity in expanding the human species to other locations in the cosmos, and industry 
tends to think long term, far into the future, for its own viability. That will drive the exploration 
and colonization of space. However, there will be many who oppose this and any other form of 
space colonization. 


Although one could consider multiple categories of opposition to exploration and colonization of 
other locations in space, they fundamentally boil down to just two; philosophical and political. 
There is, without a doubt, some merging of the two areas as the philosophical arguments often 
become the impetus for political opposition to funding space programs, as well as regulatory 
control of efforts by non-governmental entities to explore space. 


Philosophical Obstacles are as varied as the number of people who hold an opinion on the 
subject of space exploration, but fundamentally they boil down to four general areas, social 
reform, environmentalism, religion, and ethics. Let us consider each of these areas separately 
even though they often overlap or merge completely. 


Social reform obstacles focus on human needs as they exist today. Proponents point to the uneven 
distribution of wealth that results in unequal conditions for people. Fundamentally, they argue that 
we could solve all of mankind's problems if funds were directed at the human problems of food, 
shelter, health, safety, and employment. While the primary focus is on third world nations, it 
extends to internal inequities in wealthier nations. Reformists argue that large governmental 
spending programs such as national defense and space programs drain funds from more important 
areas like hunger, public sanitation, public health, adequate shelter, education, and a means of 
making a “livable” wage. To further the emphasis on these issues, social reformers often use 
national and international political pressure, fundraising campaigns, and public movements are 
employed and orchestrated. These movements are often portrayed as altruistic, however a 
distinction should be drawn between social movements and true altruists who perform services 
for their fellow man without compensation or dramatic public device. Anonymous donors and 
volunteer organizations fit into the latter category. 


Environmental activism competes for funding, especially in the areas of climate change, 
preservation, species protection, animal rights, and global cleanup. Environmental activists have 
become highly organized, giving rise to multiple national and international organizations that raise 
funds not only for research, but also for land purchases, captive breeding, massive advertising 
campaigns, and political lobbying. In addition environmental activism raises issues regarding 


man's use of space resources and the potential pollution of space. 


Environmental activism is not confined to the realm of the *legal," however, and counts within its 
umbrella radical groups such as the Earth First, Earth Liberation Front and Earth Liberation Army 
that use guerilla tactics to damage businesses physically and economically by arson, tree spiking, 
and forms of sabotage. The economic damage caused by such groups extends beyond the 
immediate to include costs for emergency services, law enforcement and insurance overhead and 
compensation, not to mention damage to other more legitimate environmental organizations. 


The primary religious objection to space travel and colonization, although no longer held by 
many denominations, is that space travel is an invasion of the heavens, God's realm if you will, 
that He created Earth for his children. Creationists present the argument against abandoning our 
God-given “unique” abode and contend the “search for extraterrestrial life is really driven by 
man's rebellion against God in a desperate attempt to supposedly prove evolution! ””!”. 


Outside of the points raised above, there are other ethical questions being raised about space 
exploration, colonization, and commercialization. Issues surrounding property rights and 
ownership, enforceability of UN resolutions and treaties regarding common ownership of space, 
justice, and the form of government are just a few of those issues. The obstacles exist in the 
debates that these questions engender that tend to delay the progress of space exploration. 
Certainly people consider these valid issues, however once a nation or commercial enterprise 
gains a foothold in space by, perhaps, establishing an enterprise on the moon or Mars, there is no 
reason why they cannot declare themselves independent of the laws and treaties made on Earth 
and be free to develop their own governance. That too, is likely to be an issue for the Earth-bound 
population. 


There is the question of the militarization of space. Is it unreasonable to anticipate that space 
faring entities will want some means of self defense? While one can make an assumption that 
there won't be any hostile entities encountered in space, no reasonable person can preclude that, 
thus we may expect that space farers will indeed have weapons. Some of those may have a dual 
purpose, for example high powered lasers can be used to power beam sails for propulsion 
systems or be used in mining, but they also can be used as a weapon. The potential for space 
based weaponry once helped fuel the space race, launched the era of military satellites, and the 
first space stations. The argument can be made, therefore, that space, at least near space, has 
already been militarized. 


Included in ethical debate is the question of whether mankind will continue to be concerned with 
the welfare of Earth's ecosystem if we discover so called “back-up” planets amenable to 
terraforming or direct habitation. In other words, if other worlds are found, would we then feel 
free to plunder Earth's resources to build a new life elsewhere? Wrapped up in that are the moral 
questions surrounding introducing new species to other planets in the galaxy or any part of the 
cosmos and their impacts on the extant natural exosystems, much as we are concerned with 
invasive species introduction on Earth. 


Ethicists and philosophers contend that all of these questions must be addressed before any 
expansion is attempted; that we should give them sufficient deliberation; and that we should 


carefully plan before exploration begins. In essence they are presenting us with a set of moral 
questions that may or may not have universal answers. In fact, it is not even certain that any 
consensus can fully be achieved as to which questions should be addressed, nor is it certain that 
they can be addressed beyond an exercise in polemics. 


Political Obstacles are inextricably intertwined with all of the philosophical issues mentioned 
above with the added aspect of control, because politics, in the final analysis, is about control. To 
exercise control, governments employ bureaucracies to promulgate rules and regulations that 
define the methods by which control is asserted. This, in the final analysis, cedes a significant 
amount of control to small fiefdoms with somewhat narrow focuses that can and do generate 
conflicting requirements imposed upon the governed, not to mention that they compete for funding. 
A massive bureaucracy, each clamoring for its share of the budget means that budgets must be 
prioritized. Prioritization, at least in the U.S. is driven in part by lobbyists and in part by public 
opinion. A loss of interest by the public in space travel, largely due to a perception that progress 
is slow, limits the NASA budget, which further slows its ability to progress. NASA, however, is 
itself a bureaucratic agency, and is jealous of its role in the space program. This has led to a lack 
of support for or simply not understanding the needs of industry and thus failing to implement the 
space commercialization laws passed by Congress". 


While there are multiple national and international rules and regulations governing the various 
space programs in the world, we will focus on the political obstacles that exist in the United 
States. We shall begin with the basics. Virtually everything in industrial production is regulated. 
The Environmental Protection Agency (EPA) has regulations to control every form of potential 
pollution from air emissions to hazardous and toxic wastes and any discharges to surface waters 
of the United States. The Department of Transportation (DOT) regulates the movement of goods, 
including extensive specific regulations for the transportation of Hazardous Materials, The 
Occupational Safety and Health Agency (OSHA) regulates virtually every aspect of worker 
safety. The FAA regulates all aspects of commercial aviation, including passenger safety and 
launches of spacecraft. The regulations are designed to protect health, safety and the environment. 
Each of the agencies employs inspectors and enforcement personnel and has the ability to impose 
sanctions or fines for non-compliance. In response, businesses engage staffs or consultants with 
regulatory compliance experience to develop and maintain compliance programs, as well as 
ensure compliance procedures are followed and review pending legislation and regulations to 
ascertain potential impacts on the business. Businesses also retain lawyers to review notices of 
violation, negotiate with regulatory agencies, and, in the extreme, defend the company against 
government actions in the courts. In addition, there are permits that must be applied for and 
maintained one granted, records that must be kept, mandatory reports that must be filed, and fees 
that must be paid. Considering the total number of pages in the Code of Federal Regulations as of 
2014 was 175,258", one can see how difficult and costly compliance can be for a company. 


Then there are trade regulations, international trade agreements, sanctions and embargoes that 
must be complied with that impact not only the movement of needed goods, but can actually 
impact their availability to businesses. In 1979 the U.N. passed the Moon Treaty, declaring that 
the Moon and its resources are “the common heritage of mankind" and “Neither the surface nor 


the subsurface of the moon, nor any part thereof or natural resources in place, shall become 
property of any State, international intergovernmental or non-governmental organization, national 
organization or non-governmental entity or of any natural person." To date, only 4 nations have 
ratified the treaty and none are nations with active space programs. While the treaty extends only 
to the moon, there are those who argue that it should be extended to all of space. Given the vast 
amount of resources available in space, it is unlikely that this will occur, and given that no space 
faring nation has ratified the Moon Treaty it is unlikely that it will be honored, despite the fact that 
it has not yet been challenged. 


We believe that each of these obstacles, whether philosophical or political, can be overcome. In 
fact, we believe that they must be overcome for exploration to continue. All of the objections and 
obstacles notwithstanding, long range, long duration missions to expand mans presence in the 
galaxy and the universe will proceed. The question is not one of how, but of when. Not one of 
ability, but one of will. 


Epilog: Far Horizons and Other Possibilities 


The examples provided in this book are by no stretch of the imagination novel or the only 
possible solutions to sustaining life in space or guaranteeing survival of Earth life as we know it. 
Our technology is growing by leaps and bounds and we may well be on the brink of another leap 
in evolutionary intelligence that will lead to entirely new approaches, but simply considering the 
current progress, we may peer into the future a bit. Replicators depicted in science fiction may be 
on their way to reality rather than fiction as 3-D printer technology is refined and expanded. Think 
of the flexibility that would be imparted as it becomes possible to generate multiple products, 
including food, using only atomic and molecular building blocks. Not only are onboard repairs 
and manufacturing streamlined, but virtually anything we require for survival and sustainment 
could be made available almost instantly, and, since the basic elements all exist in space, 
replenishing basic building blocks is both possible and probable. Requirements for immense 
areas dedicated to maintenance and agricultural production could be shrunk to a fraction of the 
size envisioned in our examples, reducing shielding requirements and improving mass to 
propulsion ratios. 


Evolving computer technology already provides precision control of a spacecraft, adjusting the 
craft for directed and stochastic impacts instantaneously, ensuring that fuel consumption is 
optimal, while guaranteeing the craft stays on course. Monitoring of systems is already done using 
programmable equipment that can adjust to maintain precise conditions necessary for life support, 
climate control and navigation. It is important, however, that we recognize both the limitations 
and dangers of the exponential growth of these systems as we move forward. We cannot forget 
that any artificial intelligence is only as good as the code that creates it, and, while it makes 
possible the capability to handle complex computational parameters with speeds unattainable by 
the human mind, the computer has no emotion. It is pure logic, and that can be a dangerous thing if 
allowed to run without human control. 


Breakthroughs in high energy physics are just beginning to open the doors to possibilities that 
science fiction writers have envisioned. Our advanced telescopes are probing deeper into the 
cosmos, making destination mapping with a degree of precision much closer to reality than ever 
before. Advances in applied physics, such as those being pursued at Lawrence Livermore 
National Laboratory's National Ignition Facility, and Rossi's work with cold fusion (should it be 
repeatedly validated - one validation has recently been performed with apparent positive 
results") offer much needed stepping stones to designing and fabricating new and safer 
propulsion systems capable of approaching near light speeds. Similarly the fields of 
nanotechnology and materials sciences are progressing rapidly, offering potential solutions to 
autoconstruction and repair, as well as new super materials that may enable entirely new 
approaches to building and maintaining interplanetary and interstellar craft. 


Applications of biological knowledge to systems on spacecraft are slowly developing with much 
research yet to be done before we can say there is a real solution to creating confined ecosystems 
that are indeed workable, but a start has been made. Medical advances, particularly in the areas 


of genetics, stem cells, and prosthetics are opening new doors to treating disease, regenerating 
organs, and repairing defects, but the science is still very young. Likewise, induced torpor for 
extended missions remains in its infancy, despite advances, and significant issues must be 
resolved before it becomes a truly useful tool in interstellar travel. 


And finally, our knowledge of exoplanets is so limited that we have no way of knowing what their 
environments are really like, whether current life exists on them and, if so, what form it takes. We 
have no way of knowing whether intelligence exists there and if it does, how intrusion by humans 
will be received, not to mention ethical questions regarding altering the local ecology by 
introducing not only those species with which we are familiar, but indeed ourselves. If we look in 
the mirror, understanding that most humans view change with a mix of fear and expectation, would 
an intelligent species view us, the aliens, as a threat or a blessing? Frankly, we won't know these 
answers until we take that giant step to become cosmic wanderers and explorers. 


To assume that we will suddenly find all the solutions and step into the interstellar age in our 
immediate future is undoubtedly optimistic. For reasons related to discovery of methods and 
materials, advances in applied physics and engineering, our path is more likely one of steady 
advance, gradually pushing the envelope of space further and further until finally we may escape 
the fetters that bind us to low speed, nearby options. It takes time for theory and imagination to 
come to fruition, but what was viewed as science fiction just a few years ago, is now reality. It is 
the spirit of adventure, the impulse to explore, and an indomitable will prevail that drives our 
advances. Channeling that drive to non-destructive purposes will help propel us into the 
interstellar future and set us free to wander the cosmos. 


Actually constructing a space ark, staffing it, and sending it on a deep space mission is a first and 
necessary step to expanding our reach beyond our planet and ensuring that our species endures no 
matter the fate of our planet in the long term. Failure to risk, to reach beyond ourselves, to explore 
and to expand will doom our species. That this will not occur in our generation is irrelevant. It is 
our task... our responsibility to provide the vision, to assume the risks, and to provide the path to 
the future. The challenge is great, the risks real, and the rewards uncertain. It is the essence of 
what it means to be an explorer and at the core of what it means to be human. 


Final Thoughts 


Despite a self image as adaptive and strong, individual human beings are fragile in the face of the 
forces of nature and the expanse of space. It is only through organization, teamwork, and our 
ability to create that we have managed to dominate our Earth environment. While natural selection 
provided the basis for our continued evolution of intelligence that drives our adaptability, we are 
beginning to understand and even alter our genetic future. That can lead to immense 
opportunities... or to disaster, depending on the purpose to which the research and development 
is bent. We are on the verge of being able to create super-humans. The question is, for what 
purpose will they be employed? We have a choice. Will we choose the path of creating super 
warriors to destroy our enemies? Or will we create the next generation of explorers that can 
expand our horizons beyond our solar system and, indeed into the cosmos? Let us hope our 
intelligence has evolved to the point that we guide our technological advances to seek the stars. It 


may be humankind's only hope for survival. 


We have come of age in the solar system. We have sent probes throughout our planetary system 
and currently operate outbound probes well beyond the orbit of Pluto. These probes had their 
genesis in the ancient Chinese Empire in its early experiments with black powder rockets during 
the first millennium AD and in the work of visionary giants such as Robert Goddard and Werner 
von Braun. A complete list of important contributors is to too large to include in this book. We are 
forever indebted to these intellectual pioneers. 


Last century, we mastered the mighty power of the atom to a high degree of proficiency. We have 
learned to harness a cosmic energy source in the development of atomic energy. The vestiges of 
the tensions between the East and the West are waning in the post-Cold War years. Thus, we can 
now freely put the atomic genie to use for our peaceful bidding for a grand exodus out into the 
eternal star spangled blackness of interstellar space. Where we will go from there is any science 
fiction buff's guess. However, nuclear energy directly or indirectly will likely be a key that 
unlocks the cosmic door. 


The realization of our first manned starships will involve massive effort fueled by the courage to 
contemplate future possibilities in cosmic terms. The required engineering programs will be 
Herculean in scope, the spacecraft assembly meticulously clean and detailed, the national, or 
more likely, global funding efforts greater than anything humanity has ever contemplated to date. 
Many disciplines will be brought together under the common goal of designing, assembling, and 
launching our first manned starships. People of all occupations and economic status will be 
required in the effort. 


When the final designs are finished, the assembly is accomplished, and the crew and passengers 
are selected, we will enter a bold new era of star flight. Such an effort may offer a path to an era 
of peace and prosperity. This is your calling. This is our calling. Let us open Pandora's box and 
release hope. 
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Appendix B: Metal Alloys 


Name / Composition 


Aluminium 2014 
Al-Si-Cu-Mn-Mg 93.5/0.8/4.4/0.8/0.5 wt% 


Aluminium 2024 
Al-Cu-Mn-Mg 93.5/4.4/0.6/1.5 wt% 


Aluminium 3003 
Al-Cu-Mn 98.6/0.12/1.2 wt% 


Aluminium 5052 
Al-Mn-Cr 97.2/2.5/0.25 wt% 


Aluminium 6061 
Al-Si-Cu-Mg-Cr 97.9/0.6/0.28/1/0.2 wt% 


Aluminium 7075 
Al-Cu-Mg-Cr-Zn 90/1.6/2.5/0.23/5.6 wt% 


Aluminium Oxide-Chromium Oxide 
ALO, Cr,O, 98-2 wt% 


Aluminium Oxide-Silicon Dioxide 
ALO,SiO, 


Aluminium Oxide-Titanium Oxide 
ALO, TiO, 97-3 wt% 


Aluminium-Cobalt 
Al-Co 69-31 wt% 


Aluminium-Copper 
Al-Cu 98-2 wt% 


Aluminium-Copper-Magnesium 
Al-Cu-Mg 95-4-1 wt% 


Aluminium-Copper-Molybdenum 
Al-Cu-Mo 24-69-7 wt% 


Aluminium doped with 2 at% Mn 


Aluminium-Magnesium-Copper 
Al-Mg-Cu 98-1-1 wt% 


Aluminium-Magnesium-Copper-Nickel 
Al-Mg-Cu-Ni 93-1-1-5 wt% 


Aluminium-Magnesium-Silicon 
Al-Mg-Si 98-1-1 wt% 


Aluminium-Manganese 


Al-Mn 99.6-0.4 wt% 


Aluminium-Nickel 

AI-Ni 50-50 wt% 
Aluminium-Nickel 

Al-Ni 41-59 wt% 
Aluminium-Nickel 

Al-Ni 21-79 wt% 
Aluminium-Niobium-Tantalum 
AIl-Nb-Ta 70-20-10 wt% 
Aluminium-Silicon 

Al-Si 65-35 wt% 
Aluminium-Silicon 

Al-Si 75-25 wt% 
Aluminium-Silicon 

Al-Si 88-12 wt% 
Aluminium-Silicon 

Al-Si 90-10 at% 
Aluminium-Silicon 

Al-Si 90-10 wt% 
Aluminium-Silicon 

Al-Si 99-1 wt% 
Aluminium-Silicon 

Al-Si 95-5 at% 
Aluminium-Silicon-Copper 
Al-Si-Cu 97.5-2-0.5 wt% 
Aluminium-Silicon-Copper 
Al-Si-Cu 95-1-4wt 96 
Aluminium-Titanium 

Al-Ti 95-5 at% 
Aluminium-Titanium 

Al-Ti 95-5 wt% 

Barium Strontium Titanate 
Ba, Sr, ;; TiO, 


Barium Strontium Titanate 
BaSrTiO, 


Barium Strontium Titanate 
Ba, ¿Sr 0.4TiO, 


Bismuth Manganese Oxide 
Bi, MnO 


Cadmium-Zinc Sulphide 
CdZnS 


Cerium-Gadolinium 
Ce-Gd 80/20 at% 


Chromium Carbide-Nickel 
Cr,C, Ni 88/12 wt% 


Chromium-Aluminium 
CrAl 95/5 wt% 


Chromium-Aluminium 
Cr-Al 85/15 wt% 


Chromium-Aluminium 
CrAl 80/20 wt% 


Chromium-Aluminium 
Cr-Al 70/30 wt% 


Chromium-Aluminium 
CrAl 75/35 wt% 


Chromium-Aluminium 
CrAl 60/40 wt% 


Chromium-Aluminium oxide 
Cr-ALO, 75-25 wt% 


Chromium-Aluminium-Yttrium 
CrAl-Y 64/35/1 wt% 


Chromium-Cobalt 
CrCo 57/43 wt% 


Chromium-Cobalt 
Cr-Co 80/20 wt% 


Chromium-Iron-Nickel 
Cr-Fe-Ni 15.5/7.5/77 wt% 


Chromium-Magnesium 
Cr-Mg 99.5/0.5 wt% 


Chromium-Molybdenum 
Cr-Mo 90/10 wt% 


Chromium-Nickel 
Cr-Ni 55/45 wt% 


Chromium-Nickel 
Cr-Ni 90/10 wt96 


Chromium-Nickel 
Cr-Ni 80/20 wt% 


Chromium-Nickel 
Cr-Ni 50/50 wt96 


Chromium-Nickel-Copper 
Cr-Ni-Cu 65/20/15 wt% 


Chromium-Nickel-Silicon 
Cr-Ni-Si 72/20/8 wt% 


Chromium-Nickel-Silicon 
Cr-Ni-Si 55/44/1 wt% 


Chromium-Nickel-Tungsten 
Cr-Ni-W 75/20/5 wt% 


Chromium-Silicon monoxide 
Cr-SiO 70/30 wt% 


Chromium-Silicon monoxide 
CrSiO 60/40 wt% 


Chromium-Silicon monoxide 
Cr-SiO 50/50 wt% 


Chromium-Silicon monoxide 
Cr-SiO 54/46 wt% 


Chromium-Silicon monoxide 
Cr-SiO 45/55 wt% 


Chromium-Tin 
Cr-Sn 70/30 wt% 


Chromium-Titanium 
Cr-Ti 70/30 wt% 


Chromium-Titanium 
CrTi 85/15 wt% 


Chromium-Titanium-Iron 
CrTi-Fe 80/5/15 wt% 


Chromium-Vanadium 
Crv 75/25 wt% 


Chromium- Yttrium 
Cr Y 95/5 wt% 


Chromium- Yttrium 
Cr Y 96/4 wt% 


Chromium-Zirconium oxide 
Cr-ZrO, 75/25 wt% 


Cobalt-Aluminium 
Co-Al 90/10 wt% 


Cobalt-Aluminium 


Co-Al 79/21 wt% 


Cobalt-Aluminium 
Co-Al 67/33 wt% 


Cobalt-Aluminium- Yttrium 
Co-Al-Y 30/69/1 wt% 


Cobalt-Chromium 
Co-Cr 70/30 wt% 


Cobalt-Chromium-Aluminium 
Co-Cr-Al 60/25/15 wt% 


Cobalt-Chromium-Molybdenum 
Co-Cr-Mo 63/30/7 wt% 


Cobalt-Iron 
Co-Fe 90-10 at% 


Cobalt-Iron 
Co-Fe 70-30 at% 


Cobalt-Iron 
Co-Fe 50-50 at% 


Cobalt-Iron 
Co-Fe 50-50 wt% 


Cobalt-Iron-Boron 
(Co,,/Fe,,,B 20 wt% 


Cobalt-Iron-Boron 
(Co,,/Fe,,. B 20 at% 


Cobalt-Iron-Boron 
Co-Fe-B 68/22/10 at% 


Cobalt-Iron-Boron 
Co-Fe-B 60/20/20 at% 


Cobalt-Iron-Boron 
Co-Fe-B 40/40/20 at% 


Cobalt-Iron-Boron 
Co-Fe-B 20/60/20 at% 


Cobalt-Magnesium 
Co-Mg 80/20 wt% 


Cobalt-Molybdenum 
Co-Mo 50/50 wt% 


Cobalt-Nickel-Chromium 
Co-Ni-Cr 65/20/15 wt% 


Cobalt-Palladium 
Co-Pd 95/5 wt% 


Cobalt-Platinum 
Co-Pt 98/2 wt% 


Cobalt-Titanium 
Co-Ti 94/6 wt% 


Cobalt-Tungsten 
Co-W 52.25/47.75 wt% 


Cobalt-Tungsten 
Co-W 50/50 wt% 


Copper-Boron 
Cu-B 98.5/1.5 wt% 


Copper-Chromium 
Cu-Cr 99/1 wt% 


Copper-Chromium-Zirconium 
Cu-Cr-Zr 99.2/0.5/0./3 wt% 


Copper-Cobalt 
Cu-Co 97.5/2.5 wt% 


Copper-Iron 
Cu-Fe 96/4 wt% 


Copper-Iron 
Cu-Fe 70/30 wt% 


Copper-Iron-Zinc 
Cu-Fe-Zn 94/4/2 wt% 


Copper-Lead 
Cu-Pb 90/10 wt% 


Copper-Lead 
Cu-Pb 80/20 wt% 


Copper-Lead-Graphite 
Cu-Pb-C 80/19/1 wt% 


Copper-Lead-Titanium 
Cu-Pb-Ti 80/10/10 wt% 


Copper-Magnesium 
Cu-Mg 99/1 wt% 


Copper-Manganese 
Cu-Mn 99/1 wt% 


Copper-Manganese-Nickel 
Cu-Mn-Ni 84/12/4 wt% 


Copper-Manganese-Nickel 
Cu-Mn-Ni 86/12/2 wt% 


Copper-Nickel 


Cu-Ni 55-45 wt% 


Copper-Nickel 
Cu-Ni 60/40 wt% 


Copper-Nickel 
Cu-Ni 90/10 wt% 


Copper-Nickel 
Cu-Ni 97/3 wt% 


Copper-Nickel-Tin 
Cu-Ni-Sn 89/7/4 wt% 


Copper-Nickel-Zinc 
Cu-Ni-Zn 95.5/3/1.5 wt% 


Copper-Nickel-Zinc 
Cu-Ni-Zn 60/10/30 wt% 


Copper-Nickel-Zinc 
Cu-Ni-Zn 60/20/20 wt% 


Copper-Nickel-Zinc 
Cu-Ni-Zn 60/30/10 wt% 


Copper-Silicon 
Cu-Si 85/15 wt% 


Copper-Silicon Bronze 
Cu-Si 96/4 wt% 


Copper-Silicon-Nickel 
Cu-Si-Ni 29/4/67 wt% 


Copper-Silicon-Titanium 
Cu-Si-Ti 80/15/5 wt% 


Copper-Silver 
Cu-Ag 98/2 wt% 


Copper-Silver 
Cu-Ag 70/30 wt% 


Copper-Tin 
Cu-Sn 94/6 wt% 


Copper-Tin 
Cu-Sn 90/10 wt% 


Copper-Tin 
Cu-Sn 85/15 wt% 


Copper-Tin 
Cu-Sn 80/20 wt% 


Copper-Tin-Titanium 


Cu-Sn-Ti 89/10/1 wt% 
Copper-Tin-Titanium 
Cu-Sn-Ti 80/15/5 wt% 
Copper- Titanium 
Cu-Ti 97/3 wt% 
Copper-Zinc 

Cu-Zn 70/30 wt% 


Copper-Zinc 
Cu-Zn 86/14 wt% 


Copper-Zirconium 
Cu-Zr 99.7/0.3 wt% 


Copper-Zirconium 
Cu-Zr 87/13 wt% 


Copper-Zirconium 
Cu-Zr 70/30 wt% 


Electroloy 
Ni-Cr-Fe 60/15/25 wt% 


Fenicoloy 
Fe/Ni/Co/Mn 53.8/29/17/0.2 wt% 


Gold-Copper 
Au-Cu 80-20 wt% 


Gold-Germanium 
Au-Ge 88/12 wt% 


Gold-Indium 
Au-In 82/18 wt% 


Gold-Palladium 
Au-Pd 80/20 wt% 


Gold-Palladium 
Au/Pd 60/40 wt% 


Gold-Palladium 
Au/Pd 75-25 wt5 


Gold-Phosphorus 
Au-P 99.8/0.1-0.2 wt% 


Gold-Platinum 
Au-Pt (various ratios) 


Gold-Silicon 
Au-Si 98/2 wt% 


Gold-Silver 
Au-Ag (various ratios) 


Gold-Tin 
Au-Sn 80/20 wt% 


Gold-Zinc 
Au-Zn 95/5 wt% 


Hafnium Oxide doped with Cobalt 
Hf, ,,Co,,O,, (x-0.05) 

Hastelloy B& 

Ni-Mo-Fe-Co-Cr 63/28/5/2.5/1 wt% 


Hastelloy C& 
Ni-Mo-Fe-Cr-W 56/17/6/16.5/4.5 wt% 


Hastelloy S& 
Ni-Mo-Fe-Cr-Al 67/15.5/1/15.5/0.2 wt% 


Hastelloy W® 
Ni-Mo-Fe-Cr-Co 61/24.5/5.5/5/2.5 wt% 


Hastelloy X® 
Ni-Cr-Fe-Al-Co-W 49/22/15.8/2/1.5/0.6 wt% 


Indium-Tin Oxide 
In,O, SnO, 90-10 wt% 


Indium-Tin Oxide 
In,O, SnO, 90-10 at% 


Indium Oxide-Gallium Oxide-Zinc Oxide 
In,O, Ga,O, ZnO 1-1-2 mol% 


Indium Oxide-Germanium Oxide 
In,O, GeO, 96/4 at% 


Indium Oxide-Silicon Dioxide 
In,O, SiO, 96/4 at% 


Indium Oxide-Titanium Dioxide 
In,O, TiO, 98/2 wt% 


Indium Oxide-Molybdenum 
In,O, Mo 98/2 wt% 


Iron-Aluminium 
Fe-Al 50/50 wt% 


Iron-Aluminium 
Fe-Al 90/10 wt% 


Iron-Aluminium 
Fe-Al 95/5 wt% 


Iron-Aluminium-Vanadium 
Fe-AI-V 90/7/3 wt% 


Iron-Cerium 
Fe-Ce 88/12 at% 


Iron-Chromium 
Fe-Cr 74/27 wt% 


Iron-Chromium 
Fe-Cr 60/40 wt% 


Iron-Chromium 
Fe-Cr 75/25 wt% 


Iron-Chromium-Aluminium 
Fe-Cr-AI 60/27/13 wt96 


Iron-Chromium-Aluminium 
Fe-Cr-AI 70/25/5 wt% 


Iron-Chromium-Molybdenum 
Fe-Cr-Mo 90/9/1 wt% 


Iron-Chromium-Molybdenum 
Fe-Cr-Mo 97.25/2.25/0.5 wt% 


Iron-Gallium 
Fe-Ga 80/20 at% 


Iron-Gadolinium-Cobalt 
Fe-Gd-Co 74.6/22/3.4 at% 


Iron-Manganese 
Fe-Mn 50/50 at% 


Iron-Nickel 
Fe-Ni 64/36 wt% 


Iron-Nickel 
Fe-Ni 58/42 wt% 


Iron-Nickel 
Fe-Ni 54/46 wt% 


Iron-Nickel 
Fe-Ni 60/40 wt% 


Iron-Nickel-Chromium 
Fe-Ni-Cr 45/35/20 wt% 


Iron-Nickel-Cobalt 
Fe-Ni-Co 54/29/17 wt% 


Iron-Nickel-Copper 
Fe-Ni-Cu 40/30/30 wt% 


Iron-Titanium 
Fe-Ti 60/40 wt% 


Kovar & 


Fe-Ni-Co 53/20/17 wt% 


Lanthanum-Silicon 
La-Si 95/5 wt% 


Lead-Tellurium 
Pb-Te 99.9/0.1 wt% 


Lead Sulphide-Titanium Oxide 
PbS-TiO, 10 Vol% 
Lead Sulphide-Titanium Oxide 
PbS-TiO, 20 Vol% 


Lead Sulphide-Titanium Oxide 
PbS-TiO, 30 Vol% 


Lead Sulphide-Titanium Oxide 
PbS-TiO, 40 Vol% 


PZT (Lead-Zirconium-Titanium) 
PbZr, ;; Ti, ,;O5 


PZT (Lead-Zirconium-Titanium) 
PbZr 0.35Ti 0.650, 


Lead-Strontium-Zirconium-Titanium 
Pb 0.92Sr 0.08Zr, ss Ti, ,.O, 


Magnesium-Nickel 
MgNi, 


Manganese-Copper 
Mn-Cu 95/5 wt% 


Manganese-Copper 
Mn-Cu 90/10 wt% 


Manganese-Copper 
Mn-Cu 80/20 wt% 


Manganese-Copper 
Mn-Cu 70/30 wt% 


Manganese-Copper 
Mn-Cu 50/50 wt% 


Manganese-Copper 
Mn-Cu 66/34 wt% 


Manganese-Iridium 
Mn-Ir 80/20 at% 


Manganese-Iridium 
Mn-Ir 78/22 at% 


Manganese-Nickel 


Mn-Ni 70/30 wt% 


Manganese-Nickel 
Mn-Ni 80/20 wt% 


Manganese-Nickel 
Mn-Ni 88/12 wt% 


Manganese-Nickel 
Mn-Ni 55/45 wt% 
Manganese-Nickel 
Mn-Ni 8/92 wt% 


Manganese-Nickel 
Mn-Ni 25/75 wt% 


Manganese-Nickel 
Mn-Ni 60/40 wt% 


Manganin 
Mn-Ni-Cu 12/4/84 wt% 


Moleculoy ® 
Cr-Al-Co-Ni 20/3/2/75 wt% 


Molybdenum-Aluminium 
Mo-Al 55/45 wt% 


Molybdenum-Chromium 
Mo-Cr 90/10 wt% 


Molybdenum-Rhenium 
Mo-Re 52.5/47.5 wt% 


Molybdenum-Rhenium 
Mo-Re 59/41 wt% 


Molybdenum-Silicon 
Mo-Si 80/20 at% 


Molybdenum-Silicon 
Mo-Si 82/18 at% 


Molybdenum-Silicon 
Mo-Si 50/50 at% 


Molybdenum-Silicon 
Mo-Si 40/60 at% 


Molybdenum-Titanium 
Mo-Ti 80/20 wt% 


Molybdenum-Titanium 
Mo-Ti 90/10 wt% 


Monel 400®# 
Ni-Cu-Fe 66/32/1 wt% 


Monel K500® 
Ni-Cu-Fe-Al-Mn-Ti-Si 65/29.5/1/2.8/0.6/0.5/0.5 wt% 


Monel R405® 
Ni-Cu-Fe-Mn-Si 66/31.5/1.35/0.9/0.15 wt% 


Neutroloy® 
Cu-Ni 55-45 wt% 


Neodymium-Barium-Copper Oxide 
Nd, ,; Ba, ,CuO,, 


Neodymium-Barium-Copper Oxide 
Nd, , Ba, ,CuO,, 


Nickel-Aluminium oxide 
Ni-ALO, 40/60 wt% 


Nickel-Boron 
Ni-B 85/15 wt% 


Nickel-Chromium 
Ni-Cr 80/20 wt96 


Nickel-Chromium 
Ni-Cr 50/50 wt% 


Nickel-Chromium 
Ni-Cr 70/30 wt% 


Nickel-Chromium-Aluminium 
Ni-Cr-AI 56.5/40/3.5 wt% 


Nickel-Chromium-Aluminium 
Ni-Cr-Al 50/38/12 wt% 


Nickel-Chromium-Boron 
Ni-Cr-B 80/17/3 wt% 


Nickel-Chromium-Cobalt 
Ni-Cr-Co 70/15/15 wt% 


Nickel-Chromium-Iron 
Ni-CrFe 35/20/45 wt% 


Nickel-Chromium-Molybdenum 
Ni-Cr-Mo 45/45/10 wt% 


Nickel-Chromium-Silicon 
Ni-Cr-Si 47.5/47.5/5.5 wt% 


Nickel-Chromium-Tungsten 
Ni-Cr-W 75/15/10 wt% 


Nickel-Chromium-Tungsten 
Ni-Cr-W 75/17.5/7.5 wt% 


Nickel-Cobalt-Chromium 
Ni-Co-Cr 50/25/25 wt% 


Nickel-Cobalt-Chromium 
Ni-Co-Cr 57/23/20 wt% 


Nickel-Copper 
Ni-Cu 70/30 atomized 


Nickel-Copper 
Ni-Cu 60-40 wt% 


Nickel-Copper-Iron 
Ni-Cu-Fe 65/33/2 wt% 


Nickel Gallium 
Ni,Ga, 


Nickel-Iron 
Ni-Fe 50/50 wt96 


Nickel-Iron 
Ni-Fe 78.5/21.5 wt% 


Nickel-Iron 
Ni-Fe 81/19 wt% 


Nickel-Iron 
Ni-Fe 80/20 wt% 


Nickel-Iron-Chromium 
Ni-Fe-Cr 55/22.5/22.5 wt% 


Nickel-Iron-Copper-Molybdenum 
Ni-Fe-Cu-Mo 75/16/5/4 at% 


Nickel-Manganese 
Ni-Mn 50-50 at% 


Nickel-Molybdenum 
Ni-Mo 84/16 wt% 


Nickel-Molybdenum 
Ni-Mo 50/50 wt% 


Nickel-Molybdenum 
Ni-Mo 80/20 wt% 


Nickel-Molybdenum 
Ni-Mo 87.5/12.5 wt% 


Nickel-Platinum 
Ni-Pt 90-10 wt% 


Nickel-Silicon 
Ni-Si 88.5/11.5 wt% 


Nickel-Silicon 


Ni-Si 62/38 wt% 


Nickel-Silicon-Boron 
Ni-Si-B 93/4.3/2.7 wt% 


Nickel-Titanium 
Ni-Ti 55/45 wt% 


Nickel-Titanium 
Ni-Ti 48/52 wt% 


Nickel-Titanium 
Ni-Ti 46/54 wt% 
Nickel-Titanium 
Ni-Ti 60/40 wt% 


Nickel-Titanium 
Ni-Ti 70/30 wt% 


Nickel-Titanium 
Ni-Ti 90/10 wt% 


Nickel-Titanium 
Ni-Ti 50/50 wt% 


Nickel-Vanadium 
Ni-V 93-7 wt% 
Nickel-Yttrium 
Ni-Y 90-10 wt% 
Nickel-Zirconium 
Ni-Zr 70/30 wt% 


Palladium-Copper 
Pd-Cu 60-40 wt% 


Palladium-Platinum 
Pd-Pt various ratios 


Palladium-Silver 
Pd-Ag 77/23 wt% 


Palladium-Silver 
Pd-Ag 70/30 wt% 


Palladium-Zirconium oxide 
Pd-ZrO, 3/97 wt% 


Pelcoloy® 
Ni-Fe 70/30 wt% 


Palladium-Nickel 
Pd-Ni 90/10 wt% 


Platinum-Gold 
Various Ratios 


Platinum-Iridium 
Pt-Ir 90/10 wt% 


Platinum-Iridium 
Pr-Ir 80/20 wt% 


Platinum-Palladium 
Various Ratios 


Platinum-Rhodium 
Pt-Rh 90/10 wt% 


Platinum-Rhodium 
Pt-Rh 80/20 wt% 
Platinum-Silver 
Various Ratios 


Potassium-Sodium 
K-Na 78/22 wt% 


Potassium-Sodium 
K-Na 56/44 wt% 


Protoloy® 
Ni-Cr 80/20 wt% 


Silicon-Aluminium 
Si-Al 93/7 wt% 


Silicon-Antimony 
Si-Sb 54/46 wt% 


Silicon-Iron 
Si-Fe 17/83 wt% 


Silicon-Iron 
Si-Fe 9/91 wt% 


Silicon-Nickel 
Si-Ni 65/35 wt% 


Silicon Dioxide-Germanium Oxide 
SiO, GeO, 75/25 wt% 


Silicon Dioxide-Tantalum Pentoxide 
SiO, Ta,O, 89-11 wt% 


Silver-Copper 
Ag-Cu 72/28 wt% 


Silver-Gold 
Ag-Au Various Ratios 


Silver-Lead 
Ag-Pb 75/25 wt% 


Silver-Lead-Graphite 
Ag-Pb-C 


Silver-Palladium 
Various Ratios 


Silver-Platinum 
Various Ratios 


Silver-Silicon 
Ag-Si 96/4 wt% 


Stainless Steel 
Type 420-L 


Stainless Steel 
Type 347-L, atomized 


Stainless Steel 
Type 316-L, flake pre-alloyed 


Stainless Steel 
Type 316-L, 2.3Si pre-alloyed 


Stainless Steel 
Type 316-L, atomized 


Stainless Steel 
Type 304, flake pre-alloyed 


Stainless Steel 
Type 410-L, annealed 


Stainless Steel 
Type 303-L, atomized 


Stainless Steel 
Type 434-L, atomized 


Stainless Steel 
Type 304-L, atomized 


Stainless Steel, Ti Stab. 
Type 304-L, Ti 1 
Tantalum-Aluminium 
Ta-Al 50/50 at% 


Tantalum Oxide-Erbium Oxide 
Ta,O, Er,O, 99.5/0.5 wt% 


Tantalum Oxide-Erbium Oxide 
Ta,O, Er,O, 99/1 wt% 


Tantalum-Titanium 
Ta-Ti 80/20 wt% 


Tantalum-Tungsten 
Ta-W 90/10 wt% 


Tantalum-Zirconium 
Ta-Zr 75/25 wt% 


Tellurium-Lead-Tin 
Te-Pb-Sn 50/37.5/12.5 at% 


Tin-Cadmium 
Sn-Cd 67/33 wt% 


Tin-Lead 
Sn-Pb 63/37 wt% 


Tin Oxide-Antimony 
SnO, Sb 98.6/1.4 at% 


Tin-Zinc 
Sn-Zn 66.66/33.33 at% 


Tin-Zinc 
Sn-Zn 99/1 wt% 


Tin-Zinc 
Sn-Zn 95/5 wt% 


Tin-Zinc 
Sn-Zn 90/10 wt% 


Tin-Zinc 
Sn-Zn 92/8 wt% 


Titanium Bronze 
Cu-Ti 56.4/43.6 wt% 


Titanium Bronze 
Cu-Ti 30/70 wt% 


Titanium Bronze 
Cu-Ti 50/50 wt% 


Titanium Bronze 
Cu-Ti 90/10 wt% 


Titanium Bronze 
Cu-Ti 70/30 wt% 


Titanium Bronze 
Cu-Ti 25/75 wt% 


Titanium carbide-Nickel 
TiC-Ni 92/8 wt% 


Titanium-Aluminium 
Ti-Al 78/22 wt% 


Titanium-Aluminium 


Ti-Al 65/35 wt% 


Titanium-Aluminium 
Ti-Al 88/12 wt% 


Titanium-Aluminium-Niobium 
Ti-Al-Nb 60/30/10 wt% 


Titanium-Aluminium Nitride 
TiAIN 
Titanium-Aluminium-Vanadium 
Ti-Al-V 90/6/4 wt% 
Titanium-Chromium 

Ti-Cr 80-20 wt% 
Titanium-Chromium 

Ti-Cr 57-43 wt% 


Titanium-Cobalt 
Ti-Co 94/6 wt% 
Titanium-Graphite 
Ti-C 88/12 wt% 


Titanium-Iron 
Ti-Fe 50/50 wt% 


Titanium-Molybdenum 
Ti-Mo 84/16 wt% 


Titanium-Molybdenum 
Ti-Mo 98/2 wt% 


Titanium-Nickel 
Ti-Ni 70/30 wt% 


Titanium-Nickel-Aluminium 
Ti-Ni-Al 40/50/10 wt% 


Titanium-Nickel-Copper braze 
Ti-Ni-Cu 70/15/15 wt% 


Titanium-Niobium-Tantalum 
Ti-Nb-Ta 70/20/10 wt% 


Titanium-Palladium 
Ti-Pd 95/5 wt% 


Titanium-Platinum 
Ti-Pt 99/1 wt% 


Titanium-Silicon 
Ti-Si 92/8 wt% 
Titanium-Silicon 
Ti-Si 91/9 wt% 


Titanium-Tantalum 
Ti-W 95/5 wt% 


Titanium-Vanadium 
Ti-V 90/10 wt% 


Titanium-Vanadium 
Ti-V 75/25 wt% 


Titanium-Vanadium 
Ti-V 70/30 wt% 


Tungsten-Chromium 
W-Cr 90/10 wt% 


Tungsten-Silver 
W-Ag 90/10 wt% 


Tungsten-Titanium 
W-Ti 80/20 wt% 


Tungsten-Titanium 
W-Ti 95/5 wt% 
Tungsten-Titanium 
W-Ti 90/10 wt% 


Tungsten-Titanium 
W-Ti 80/20 wt% 


Tungsten- Vanadium 
W-V 75/25 wt% 


Vanadium-Aluminium 
V-Al 88/12 wt% 


Vanadium-Chromium 
V-Cr 75/25 wt% 


Vanadium-Chromium 
V-Cr 95/5 wt% 


Vanadium-Titanium 
V-Ti 81/19 wt% 


Vanadium-Tungsten 
V-W 80/20 wt% 


Zinc Oxide-Aluminium Oxide 
ZnO-ALO, 95/5 wt% 


Zinc Oxide- Aluminium Oxide 
ZnO-ALO, 98/2 wt% 


Zinc Oxide-Aluminium Oxide 
ZnO-ALO, 99/1 wt% 


Zinc-Aluminium 
Zn-Al 50/50 wt% 


Zinc-Aluminium 
Zn-Al 98/2 wt% 
Zinc-Copper 
Zn-Cu 95/5 wt% 


Zinc Oxide-Lithium 
ZnO-Li,O 1-2wt% 


Zinc-Nickel 
Zn-Ni 90/10 wt% 


Zinc Sulphide-Silver 
ZnS-Ag 99.95/0.05 wt% 


Zirconium-Aluminium 
Zr-Al 90/10 wt% 


Zirconium-Aluminium 
Zr-Al 50/50 wt% 


Zirconium-Copper 
Zr-Cu 70/30 wt% 


Zirconium-Nickel 
Zr-Ni 50/50 wt% 


Zirconium-Nickel 
Zr-Ni 70/30 wt96 


Zirconium-Silver 
Zr-Ag 97/3 wt% 


Zirconium-Titanium 
Zr-Ti 65.6/34.4 wt% 


Zirconium-Tungsten 
Zr-W 92.5/7.5 wt% 


Zirconium- Tungsten 
Zr-W 96.25/3.75 wt% 


Zirconium- Vanadium 
Zr-V 56.5/43.5 wt% 


Appendix C: Metals Processing Methods 


The following is a compiled list of methods for processing metals derived from multiple sources. 
» Alloying 
» Casting 
o Centrifugal casting 
o Continuous casting 
o Die casting 
o Evaporative-pattern casting 
= Full-mold casting 
= Lost-foam casting 
o Investment casting (lost wax casting) 
= Countergravity casting[1] 
= Lost-foam casting 
o Low pressure 
o Permanent mold casting 
o Shell molding 
o Slush or slurry 
o Spray forming 
o Vacuum molding 
» Molding 
o Powder metallurgy 
= Compaction plus sintering 
= Hot isostatic pressing 
» Metal injection molding 
= Spray forming 
o Forging 
o Drawing 
o Rolling 
» Forming 
o End tube forming 
o Tube beading 
o Forging 


m Smith 
=» Hammer forge 
» Drop forge 
m Press 
= Impact (see also Extrusion) 
= Upset 
= No draft 
= High-energy-rate 
= Cored 
= Incremental 
= Powder 
o Rolling (Thick plate and sheet metal) 
= Cold rolling 
= Hot rolling 
= Sheet metal 
= Shape 
a Ring 
= Transverse 
= Cryorolling 
= Orbital 
= Cross-rolling 
= Thread 
o Extrusion 
m Impact extrusion 
o Pressing 
= Embossing 
= Stretch forming 
= Blanking (see drawing below) 
= Drawing (manufacturing) (pulling sheet metal. wire, bar or tube 
= Bulging 
= Necking 
= Nosing 
= Deep drawing (sinks, auto body) 
o Bending 


=» Hemming 


o Shearing 


Piercing 
Trimming 
Shaving 
Notching 
Perforating 
Nibbling 

Dinking operation 
Lancing 

Cutoff 

Stamping 

Metal 
Progressive 
Coining 

Straight shearing 
Slitting 


o Other 


Redrawing 
Ironing 
Flattening 
Swaging 
Spinning 
Peening 

Guerin process 
Wheelon process 
Magnetic pulse 
Explosive forming 
Electroforming 
Staking 
Seaming 
Flanging 
Straightening 
Decambering 
Cold sizing 
Hubbing 


= Hot metal gas forming 


= Curling (metalworking) 


Hydroforming 


» Machining 
o Mills 


Hammer mill 
Steel mill 
e Blast furnace 
e Smelting 
e Refining 
e Reduction mill 
e Annealing 
e Pickling 
e Passivate 
e Coating 


o Milling 
o Turning 


Lathe 

Facing 

Boring (also Single pass bore finishing) 
Spinning (flow turning) 

Knurling 

Hard turning 


Cutoff (parting) 


o Drilling 


Friction drilling 


o Reaming 


o Countersinking 


o Tapping 


o Sawing 


Filing 


o Broaching 


o Shaping 


Horizontal 


Vertical 


Special purpose 


o Planing 


Double housing 
Open-side 

Edge or plate 

Pit-type 

Abrasive jet machining 
Water jet cutting 
Photochemical machining 
Abrasive belt 


o Honing (Sharpening) 


Electro-chemical grinding 


o Finishing & industrial finishing 


Abrasive blasting (sand blasting) 
Buffing 

Burnishing 

Electroplating 

Electropolishing 

Magnetic field-assisted finishing 
Etching 

Linishing 

Mass finishing 

Tumbling (barrel finishing) 
Spindle finishing 

Vibratory finishing 

Plating 

Polishing 

Superfinishing 

Wire brushing 


o Hobbing 


o Ultrasonic machining 


o Electrical discharge 


o Electron beam machining 


o Electrochemical machining 


o Chemical 


o 


o 


o 


Photochemical 


Laser cutting 


= Laser drilling 


Grinding 


High stock removal 


Gashing 


Biomachining 


» Joining 


o Welding 
m Arc 


Manual metal 
Shielded metal 
Gas metal 
o Pulsed 
o Short circuit 
o Electrogas 
o Spray transfer 
Gas tungsten 
Flux-cored 
Submerged 
Plasma arc 
Carbon arc 
Stud 
Electroslag 
Atomic hydrogen 
Plasma-MIG (metal inert gas) 
Impregnated tape 
Regulated Metal Deposition 


= Oxyfuel gas 


Oxy-acetylene gas 
Methylacetylene propadiene (MAPP) 
Air-acetylene 
Oxyhydrogen 
Pressure gas 
o CO2 


Resistance 
e Butt welding 
e Flash butt welding 
e Shot welding 
e Spot welding 
Projection welding 
Seam 
Upset welding 
Percussion (manufacturing) 
Solid state welding 
o Ultrasonic 
o Explosive 
o Diffusion 
= Hot press 
= Isostatic hot gas 
= Vacuum furnace 
o Friction welding 
o [nertia 
o Forge 
o Cold 
o Roll 
Electron beam welding 
Laser welding 
Thermite 
Induction 
o Low frequency (50—450 Hz) 
o High frequency (induction resistance; 200—450 kHz) 
Others 
o Friction welding 
o Heated metal plate 
o Solvent 
o Dielectric 
o Magnetic pulse welding 
o Ultrasonic 
o Radio frequency welding 


o High frequency resistance 
o Electromagnetic 
o Flow 
o Resistance 
o Infrared 
o Vacuum 
o Hot-air-welding 
o Brazing 
= Torch 
= Induction brazing 
=» Furnace 
a Dip 
o Soldering 
o [ron 
o Hot plate 
o Oven 
o Induction 
o Dip 
o Wave 
o Ultrasonic 
o Sintering 
o Adhesive bonding 
o Thermo-setting and thermoplastic 
o Epoxy 
o Modified epoxy 
o Phenolics 
o Polyurethane 
o Adhesive alloys 
o Miscellaneous other powders, liquids, solids, and tapes 


Appendix D: Alternative Fuels and Oberth Maneuvers 


Tetrahedral N4 (TdN4) has a theoretical energy density of about 54 MJ/kg. The specific impulse 
of the nitrogen compound in units of C is 0.00003461 C. For a mass ratio of 1,000, the relativistic 
rocket equation yields: 


Av = 71.7 km/second. 
Nitrogen is a natural element choice for fabricating chemical fuels because it is ubiquitous 
throughout our solar system. What can be synthesized on Earth can be synthesized elsewhere. 


Now, assume a white dwarf star having the mass of the Sun, and radial coordinate of the 
spacecraft at closest approach equal to 100,000 km from the white dwarf’s center. The escape 
velocity from this radial coordinate will be 1,785.93 km/sec. 


We obtain the following results for using the Oberth Maneuver. 
Av km/s : Exiting Velocity km/s 
25 : 335.0307822 
50 : 599.7382763 


75 : 821.7960513 
100 : 950.2447053 


Such a chemical rocket would need to burn at a furious rate but this might not be too hard of a 
problem to solve. We would need carbonaceous super materials to construct the spacecraft and 
propellant tanks. The g's experienced by the spacecraft would be very high but many mechanisms 
exist for reducing the experienced g-loading on crew and passengers. 


However, at 950.24 knysec we are traveling at 0.003167 C or almost 1/3 of a percent of light 
speed. This velocity could enable travel a distance equal to the average distance between stars in 
our neck of the galaxy in under 1,000 years. Such a velocity would enable travel to our nearest 
stellar neighbor in 1,263 years. 


As for doing the general relativistic analogue of Oberth maneuvers using the one or two super- 
massive black-holes in the center of the Milky Way, if you have a large enough mass ratio so that 
the acceleration based gravitational wave emissions from the space craft do not bleed off too 
much energy, then the ramifications for much greater chemical rocket velocities are profound. So 
profound in reality that true intergalactic travel then becomes possible using chemical rockets. I 
expound upon this aspect in the months ahead. 


Be O2 or beryllium and oxygen fuel has a specific impulse of 705 seconds. The respective 
spacecraft would obtain a terminal velocity of 47.77 km/s. 


Although some experimental fuels specific impulses well above that of LOX-H2 have been 
explored, many of these produce toxic exhaust. However, such fuels can offer a great escape into 
the distant reaches of our solar system, and with Oberth Maneuvers, also travel amongst the stars 
in space-arks. 


The following tabulated data provide a first order glimpse at liquid F2 and liquid H2 fuel rocket 
performance using the Oberth maneuver. 

Av km/s: Exiting Velocity km/s 

20 : 111.3552873 

25:125 

30 : 137.4772708 

35 : 149.0805152 

40 : 160 

45 : 170.3672504 


Now, if we were willing to attempt to graze the Sun, at a radial coordinate of closest approach 
corresponding to an escape velocity of 600 km/sec, we obtain the following performance data. 


Av km/s: Exiting Velocity km/s 
20 : 156.2049935 

25:175 

30 : 192.0937271 

35 : 207.9062289 

40 : 222.7105745 

45 : 236.6960076 


The above tabulated results are the velocities of the spacecraft after having climbed all the way 
out of the Sun's gravity well. 


Liquid F2 and Liquid H2 has a specific impulse of 546 to 703 seconds. The respective spacecraft 
would obtain a terminal velocity of 47.64 knys. 


Liquid fluorine can be problematic because it can spontaneous react with itself thus one reason 
why it is not commonly used. 


None-the-less, fluorine is an otherwise attractive fuel possibility because of the high specific 
impulse provided by the fuel. 


The U.S.S.R. had experimented with fluorine as an oxidizer. 


The following tabulated data provide a first order glimpse at liquid F2 and liquid H2 fuel rocket 
performance using the Oberth maneuver. 

Av km/s: Exiting Velocity km/s 

20 : 111.3552873 

25:125 

30 : 137.4772708 

35 : 149.0805152 

40 : 160 

45 : .785938897 : 170.3672504 


Now, if we were willing to attempt to graze the Sun, at a radial coordinate of closest approach 


corresponding to an escape velocity of 600 km/sec, we obtain the following performance data. 

Av km/s: Exiting Velocity km/s 

20 : 156.2049935 

25 : 175 

30 : 192.0937271 

35 : 207.9062289 

40 : 222.7105745 

45 : 236.6960076 


The above tabulated results are the velocities of the spacecraft after having climbed all the way 
out of the Sun's gravity well. 


Free H radicals based chemical rocket fuels have a maximum theoretical specific impulse of Isp 
— 2,130 seconds. 


Consider a free H-radicals fueled rocket having a mass ratio of 1,000 such as might be 
accomplished using a large tank where the tank mass to fuel mass ratio is 0.0005, and where the 
remainder of the vehicle is crew quarters, radiation shielding, rocket engines, and life support 
systems. 


The above spacecraft would obtain a terminal velocity of 144.34 km/s. 


Hydrogen is a natural element choice for fabricating chemical fuels because it is ubiquitous 
throughout our solar system. What can be synthesized on Earth can be synthesized elsewhere. 


Now, assume a white dwarf star having the mass of the Sun, and radial coordinate of the 
spacecraft closest approach equal to 100,000 km from the white dwarf's center. The escape 
velocity from this radial coordinate will be 1,785.93 knysec. 


We obtain the following results for using the Oberth Maneuver. 
Av km/s; Exiting Velocity km/s 
25; 335.0307822 
50; 599.7382763 
75; 821.7960513 
100; 950.2447053 


125; 1120.648994 
150; 1276.650696 


Such a chemical rocket would need to burn at a furious rate but this might not be too hard of a 
problem to solve. We would need carbonaceous super materials to construct the spacecraft and 
propellant tanks. The g’s experienced by the spacecraft would be very high but many mechanisms 
exist for reducing the experienced g-loading on crew and passengers. 


However, at 1,276 km/sec we are traveling at 0.004255 C or almost 1/2 of a percent of light 
speed. This velocity could enable travel a distance equal to the average distance between stars in 
our neck of the galaxy in well under 1,000 years. 


Assuming 100,000 km closest approach to a solar mass sized white dwarf, thus for which the 
escape velocity at the radial coordinate is 1,785.93 km/sec, the following results are obtained. 

Av km/s : Exiting Velocity km/s 

50 : 670.0615643 

100 : 1199.476553 

150 : 1643.592103 

200 : 1900.489411 

250 : . 2241.297987 

300 : 2553.301392 


A craft traveling at 2,553 km/sec can travel between Earth and the nearest star in only 470 years. 
The craft could hop from star to star upon continual refueling and such a program could enable 
human colonization of the entire Milky Way Galaxy in only about 7 million years which is about 
0.0005 times the age of our universe. 


The g-forces during the Oberth maneuver burn would be extreme there are several conjectural 
ways by which the effects of the acceleration could be greatly muted for the crew members. 


The highest publically acknowledged specific impulse for a tested rocket fuel was 542 s 
equivalent to an exhaust velocity of 5320 m/s. This was for a combination of fluorine, lithium, 
and hydrogen. 


Now, the non-relativistic rocket equation is: 
Delta V = (Vexhaust)[In (M0/M1)] where MO/M1 is the mass ratio of the rocket. 


So, let us assume a large mass ratio such as a value of 100. This value may be attainable with the 
large light-weight tanks being developed by NASA. 


So, assuming a start from a stationary state, the terminal velocity of the rocket would be 24.5 
knysec. 


For a mass ratio of 1,000, the result is 36.75 km/sec. 
Av km/s: Exiting Velocity km/s 
20 : 111.3552873 
25:125 
30 : 137.4772708 
35 : 149.0805152 


40 : 160 
45 : 170.3672504 


Now, if we were willing to attempt to graze the Sun, at a radial coordinate of closest approach 
corresponding to an escape velocity of 600 km/sec, we obtain the following performance data. 
Av km/s: Exiting Velocity km/s 


20 : 156.2049935 
25:175 


30 : 192.0937271 
35 : 207.9062289 
40 : 222.7105745 
45 : 236.6960076 


The above tabulated results are the velocities of the spacecraft after having climb all the way out 
of the Sun's gravity well. 


Ozone, which is a molecule made of three oxygen atoms is a stronger oxidizer than O-2. Ozone 
produces higher flame temperatures and thus would enable higher specific impulses over O-2 
oxidized fuels. 


Provided the Oberth maneuver was used for an Ozone rocket, high end Keplerian velocities 
would be possible using the Sun. Close approach to the Sun would be required. 


The O-4 molecule is even more oxidizing than ozone and would thus provide for even higher 
flame temperatures and higher specific impulses. 


Oberth maneuver for escape velocity of 20,000 km/sec. 
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Oberth maneuver for escape velocity of 20,000 km/sec. 
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Oberth maneuver for escape velocity of 10,000 km/sec. 


— AV km/s 


6000 - - i 

Exiting Velocity km/s 
4000 4 
2000 4 


i £3 £23 b f € 923911 E 


Oberth maneuver for escape velocity of 10,000 km/sec. 


Oberth maneuver for escape velocity of 8,000 km/sec. 
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Oberth maneuver for escape velocity of 8,000 km/sec. 
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Oberth maneuver for escape velocity of 6,000 km/sec. 
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Oberth maneuver for escape velocity of 6,000 km/sec. 
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